We produced 8 lines of transgenic (Tg) rats expressing one of two different rhodopsin mutations in albino Sprague-Dawley (SD) rats. Three lines were generated with a proline to histidine substitution at codon 23 (P23H), the most common autosomal dominant form of retinitis pigmentosa in the United States. Five lines were generated with a termination codon at position 334 (S334ter), resulting in a C-terminal truncated opsin protein lacking the last 15 amino acid residues and containing all of the phosphorylation sites involved in rhodopsin deactivation, as well as the terminal QVAPA residues important for rhodopsin deactivation and trafficking. The rates of photoreceptor (PR) degeneration in these models vary in proportion to the ratio of mutant to wild-type rhodopsin. The models have been widely studied, but many aspects of their phenotypes have not been described. Here we present a comprehensive study of the 8 Tg lines, including the time course of PR degeneration from the onset to one year of age, retinal structure by light and electron microscopy (EM), hemispheric asymmetry and gradients of rod and cone degeneration, rhodopsin content, gene dosage effect, rapid activation and invasion of the outer retina by presumptive microglia, rod outer segment disc shedding and phagocytosis by the retinal pigmented epithelium (RPE), and retinal function by the electroretinogram (ERG). The biphasic nature of PR cell death was noted, as was the lack of an injury-induced protective response in the rat models. EM analysis revealed the accumulation of submicron vesicular structures in the interphotoreceptor space during the peak period of PR outer segment degeneration in the S334ter lines. This is likely due to the elimination of the trafficking consensus domain as seen before as with other rhodopsin mutants lacking the C-terminal QVAPA. The 8 rhodopsin Tg lines have been, and will continue to be, extremely useful models for the experimental study of inherited retinal degenerations.
A B S T R A C T
We produced 8 lines of transgenic (Tg) rats expressing one of two different rhodopsin mutations in albino Sprague-Dawley (SD) rats. Three lines were generated with a proline to histidine substitution at codon 23 (P23H), the most common autosomal dominant form of retinitis pigmentosa in the United States. Five lines were generated with a termination codon at position 334 (S334ter), resulting in a C-terminal truncated opsin protein lacking the last 15 amino acid residues and containing all of the phosphorylation sites involved in rhodopsin deactivation, as well as the terminal QVAPA residues important for rhodopsin deactivation and trafficking. The rates of photoreceptor (PR) degeneration in these models vary in proportion to the ratio of mutant to wild-type rhodopsin. The models have been widely studied, but many aspects of their phenotypes have not been described. Here we present a comprehensive study of the 8 Tg lines, including the time course of PR degeneration from the onset to one year of age, retinal structure by light and electron microscopy (EM), hemispheric asymmetry and gradients of rod and cone degeneration, rhodopsin content, gene dosage effect, rapid activation and invasion of the outer retina by presumptive microglia, rod outer segment disc shedding and phagocytosis by the retinal pigmented epithelium (RPE), and retinal function by the electroretinogram (ERG). The biphasic nature of PR cell death was noted, as was the lack of an injury-induced protective response in the rat models. EM analysis revealed the accumulation of submicron vesicular structures in the interphotoreceptor space during the peak period of PR outer segment degeneration in the S334ter lines. This is likely due to the elimination of the trafficking consensus domain as seen before as with other rhodopsin mutants lacking the C-terminal QVAPA. The 8 rhodopsin Tg lines have been, and will continue to be, extremely useful models for the experimental study of inherited retinal degenerations.
The clinical problem of inherited and age-related retinal degeneration (RD) is enormous. It is estimated that different forms of hereditary retinitis pigmentosa affect as many as 1:3500 worldwide, and the incidence of the much more prevalent age-related macular degeneration rises with age, affecting as many as 1:4 by the age of 75. The loss of vision in both classes of diseases is due to the death of photoreceptor (PR) cells, but the retinal pigment epithelium (RPE) is involved or is the site of mutant gene expression in some forms of each type of disease. Retinitis pigmentosa has currently been associated with 67 different genetic loci, and 60 genes have been identified (Daiger, 2017) . More than 150 different mutations have been identified in the rhodopsin gene alone (Farrar et al., 2012) . Although major progress has been made in elucidating the genetic and molecular nature of many human forms of retinitis pigmentosa (see below), the key issue of how these gene defects lead to PR cell death is largely unanswered.
Many vertebrates and invertebrates have gene defects that lead to RD. Vision scientists have taken advantage of RD mutations in laboratory animals, which have played a prominent role as experimental models in vision research in the past several decades and from which much has been learned about the cellular mechanisms of PR degeneration (Baehr and Frederick, 2009; Chader, 2002; Colley et al., 1995; Stuck et al., 2016; Sung and Tai, 2000; Tanna et al., 2017; Veleri et al., 2015) . Among the various species with RDs, mice and rats have been used most extensively, primarily because of the experimental advantages of small animal size with relatively low costs, short gestation time, powerful genetic control in the form of several readily available RD mutants, multiple inbred and congenic strains with genetic controls and different eye pigmentation types, and the potential to carry out certain embryological genetic procedures such as the production of experimental chimeras, transgenic (Tg) and gene knock-in animals (Baehr and Frederick, 2009; Flannery, 1999; Sakami et al., 2011; Veleri et al., 2015) .
Among rodents, the number of mouse mutants that may serve as relevant animal models for human diseases is remarkable (Baehr and Frederick, 2009; Chang et al., 2002; Chen et al., 1999; Hafezi et al., 2000; Veleri et al., 2015) . Some naturally occurring mouse mutants have human counterparts with orthologous gene defects, such as the rd1, rd2 and Mertk mutants. In addition, many Tg mouse mutants carry constructs that lead to overexpression or disruption of candidate genes for RDs (Chader, 2002; Fauser et al., 2002; Hafezi et al., 2000) , as well as knock-in rhodopsin models (Price et al., 2011; Sakami et al., 2011) .
The goal of RD research is ultimately to develop therapeutic means to prevent or slow the rate of RD. At present, no generally accepted treatment exists for most of the RDs. However, in the past 2-3 decades, many areas of experimental therapy have arisen and continue to expand significantly to prevent PR degeneration or restore visual function. These include: 1) neuroprotective therapy with direct application of various survival-promoting factors (Abed et al., 2015; Faktorovich et al., 1990; LaVail et al., 1992; Wen et al., 2012) , 2) gene-based therapy of recessively and dominantly inherited RDs, as well as viral vector delivery vehicles (Acland et al., 2001; Bennett et al., 1996; Dalkara et al., 2016; Dalkara and Sahel, 2014; Farrar et al., 2012; Laemmli, 1970; Lau et al., 2000; Lewin et al., 1998; Thompson et al., 2015; Trapani et al., 2015; Yang et al., 2015) , 3) nanoparticles that act as antioxidants and biodegradable microspheres as non-viral delivery vectors for drug, gene and trophic factor delivery (Adijanto and Naash, 2015; Fernandez-Sanchez et al., 2017; Trapani et al., 2014; Wong et al., 2015; Zarbin et al., 2013; Zulliger et al., 2015) , 4) transplantation and cell-based therapy with the use of retinal, RPE and stem cells (Aramant and Seiler, 2002; Li and Turner, 1988; Seiler et al., 2017; Thompson et al., 2015; Yang et al., 2015; Zarbin, 2016) , 5) the development of visual prostheses using silicon chip technology (da Cruz et al., 2016; Duncan et al., 2017; Marc et al., 2014; Stingl and Zrenner, 2013) , and 6) the field of optogenetics (Dalkara and Sahel, 2014; Duebel et al., 2015; Marc et al., 2014; Zarbin et al., 2013) . The need for animal models has increased concomitantly with this research.
Although some therapeutic studies can take advantage of the mouse as an animal model, the small size of the eye is severely limiting for some approaches, particularly when surgical procedures are required. The problem is exacerbated by the early onset of many rodent RDs, thus requiring the use of a particularly small, young mouse eye. Indeed, even the relatively simple delivery of neurotrophic factors by intravitreal injections can be inconsistent or ineffective with very small mouse eyes . By contrast, the rat eye is 6-12 times the volume of the mouse eye, depending upon age , so the larger eye size of a rat is highly desirable or necessary for many types of therapeutic RD research. The RCS rat is a widely studied model of RD (LaVail, 2001; Strauss et al., 1998) , but for decades it had been the only rat model with an inherited RD. Although the RCS rat has an orthologous human gene defect (Gal et al., 2000) , and it is particularly interesting because of its mutant gene expression in the RPE (Mullen and LaVail, 1976; Vollrath et al., 2001) , there had been no rat model with an RD gene defect intrinsic to the PR cell.
With the goal of creating rat models with gene defects expressed in rod PR cells, like some human forms of retinitis pigmentosa, and to expand the number of rat models available for RD therapeutic research with different rates of RD, we developed a number of Tg rat lines with mutant opsin genes identified in (or similar to) autosomal dominant retinitis pigmentosa (adRP) in human patients (Steinberg et al., 1996) . We chose to produce transgenic rats that carry one of two different rhodopsin mutations. The first, P23H, had a proline to histidine substitution at codon 23. This was the first and most common rhodopsin mutation identified in patients with adRP (Dryja et al., 1990) , accounting for approximately 12% of adRP cases in the United States (Berson et al., 1991; Sung et al., 1991) . We produced 3 lines of P23H rats with different levels of transgene expression and different rates of RD. Second, we produced 5 lines of rats with a mouse opsin transgene bearing a termination codon at residue S334 (S334ter), resulting in a Cterminal truncated opsin protein lacking the last 15 residues. The S334ter opsin lacks all of the phosphorylation sites (Chen et al., 1995) and the QVAPA residues needed for rhodopsin trafficking (Concepcion and Chen, 2010; Sung et al., 1994) . We chose these different genetic constructs because they represent two of the different classes of rhodopsin mutations with respect to molecular conformation, cellular processing and localization, and probable pathogenic function in PRs (reviewed by Sung and Tai, 2000) , and they generally have different degrees of clinical expression in human adRP patients (Sandberg et al., 1995) . In general, the P23H mutation, as a member of several other mutations located in or near the N-terminus of rhodopsin, is considered to result in RD due to defective rhodopsin folding in the endoplasmic reticulum (ER), aggregation and retention within the ER, with resulting ER stress and activation of the unfolded protein response (UPR) Illing et al., 2002; Lin et al., 2007) . The RD resulting from truncation of the rhodopsin C-terminus, such as in the S334ter lines, is considered to result in RD due to defective rhodopsin trafficking to the ROSs and mis-localization of the protein (Green et al., 2000; Sung et al., 1994) . This truncated protein with an absence of phosphorylation sites also fails to deactivate the rhodopsin molecule and has prolonged responses to light absorption (Chen et al., 1995) . Having both type of mutations on the same Sprague-Dawley (SD) background allows for controlled comparison of the different pathological processes.
These Tg rat models were produced in 1996 (Steinberg et al., 1996) and since have been made available to be used by various studies by numerous vision scientists and have used them for various studies (see Discussion). Although some aspects of the RDs in these animals have been described in these studies, only 4 of the 8 lines have been described to any extent; most of these have only been described for a short period of the degeneration; and only a few phenotypic features have been presented or assayed for each line. In the current study, we present relatively comprehensive data on many structural and functional phenotypic characteristics of each of these lines up to at least one year of age. These data should allow vision scientists to use the Tg rats effectively to gain insight into mechanisms of RD caused by rhodopsin mutations and to have rat models with different mechanisms and rates of degeneration with which to carry out experimental therapeutic studies that may be applicable to many different forms of RD. In addition, we also present ultrastructural data that confirms the presumed cytopathological process in the S334ter lines that results from defective rhodopsin transport does not occur in the P23H lines. Moreover, we demonstrate that injury-induced endogenous neuroprotection that occurs in some RDs, and which can interfere with results from utilizing intraocular injections, do not occur in the rhodopsin Tg lines, at least not at ages in which PR degeneration occurs.
Materials and methods

Production of transgenic rats
All work with the animals followed the guidelines of the National Institutes of Health for the care and use of laboratory animals and the UCSF Committee on Animal Research. The Tg rats were generated by Chrysalis DNX Transgenic Sciences (Princeton, NJ; later Xenogen Biosciences) using constructs of two different mouse rhodopsin mutations, P23H (proline to histidine amino acid substitution at codon 23) produced by M.I.N. and S334ter (bearing a termination codon at residue 334, resulting in a C-terminal truncated opsin protein lacking the last 15 amino acid residues and, thus, all of the phosphorylation sites of the molecule) produced by J.C. These constructs have previously been described, (S334ter Chen et al., 1995; P23H Orhan et al., 2015) . Three founder rats were generated with the P23H construct and 10 with the S334ter construct, as determined by PCR analysis showing they carried the transgene. We crossed each of these founder rats to wild-type (WT) SD rats and examined their retinas histologically and with PCR (see below). All 3 of the P23H founders produced rats with RD phenotypes in about 50% of the progeny consistent with a Mendelian inheritance pattern of the inserted transgene; the rate of degeneration was different in each of the lines, but all within a given line were virtually identical. The lines were named based on their original cages, with formal nomenclature of SD-Tg(P23H)1Lav, 2Lav or 3Lav (each abbreviated P23H-1, or -2 or -3, or referred to as P23H Line 1, etc.; Table 1 ). Of the 10 S334ter founders that were crossed by SD rats, 1 did not breed and 9 produced progeny with RD phenotypes in about 50% of each litter, as expected. The RD in 5 of the founders was identical among littermates, whereas it differed widely among littermates from the other 4 founders. We assumed these multiple phenotypes within individual litters indicated multiple transgene insertion sites, so these founders and the infertile one were removed from the study. The remaining 5 S334ter lines were named for their original cages, SD-Tg(S334ter)3Lav, 4Lav, 5Lav, 7Lav and 9Lav (abbreviated S334ter-3, etc., or referred to as S334ter Line 3, etc.; Table 1 ). The laboratory code "Lav" has been assigned to us by the Institute of Laboratory Animal Research (ILAR). While we and others have not used this in the past, its use as a part of the strain name is now recommended (http://www.informatics.jax.org/ mgihome/nomen/strains.shtml).
To eliminate the need to identify every Tg animal from its WT littermate by PCR, we attempted to breed the Tg rat lines to homozygosity by intercrossing two hemizygotes, discarding those not carrying a rhodopsin transgene (approximately 25% of the litter) and identifying hemizygotes (assumed to be approximately 50% of the original progeny) from homozygotes (approximately 25% of the progeny) by progeny-testing Tg animals by backcrossing with SD rats. Homozygous rats (carrying transgene insertions at both alleles) then were bred by one another to maintain the lines with no need for PCR, and they were bred to WT SD rats for experiments to produce all affected hemizygous Tg rats, thereby avoiding the need for PCR for every litter and giving twice the number of usable animals for experiments. All lines were bred to homozygosity except S334ter-5 and S334ter-7, which could not be accomplished despite 20 + attempts for each line over a 5-year span. The explanation for this is unknown, but presumably it relates to fertility issues or embryonic lethality as a consequence of the transgene insertion sites.
The rats were maintained in a 12:12 h light:dark environment with cyclic white illumination provided from overhead fluorescent lamps in the ceiling. The illuminance levels within the cages varied considerably, from < 1 ft-c up to 15 ft-c, depending upon the position of the cage in the rack and the position of the rack in the room. The housing rooms were temperature controlled at 23 ± 1°C and the animals were fed various rat chows ad libitum over the years.
The production of these animals was announced previously (Steinberg et al., 1996) , as was their availability to vision scientists. In 2015, all of the Tg rat lines were moved to the Rat Resource and Research Center (RRRC) at the University of Missouri, where they are maintained either live or cryopreserved and are available to scientists. The RRRC# for each line is given in Table 1 . The website of the RRRC is http://www.rrrc.us/ and information from the RRRC can be obtained at RRRC@missouri.edu.
RNA analysis
Six-week-old F1 transgenic offspring from founders (and nontransgenic littermate controls) were sacrificed, and total cellular RNA was prepared from retina using RNA stat-60 (Tel-Test, Inc) or RNeasy kit (Qiagen). Total RNA was reverse transcribed using RT-PCR kit (Stratagene) or Advantage RT-for PCR kit (Clontech). An aliquot of this RT product was then used as template for quantitative PCR analysis. Alternatively, a small amount of tail tissue was used.
For the P23H lines, the qRT-PCR amplification procedure described by Orhan et al. (2015) was followed. Each amplification was performed with two sets of primers designed to amplify a 300 base pair segment from the mouse P23H opsin transcript (5′-AACCTTATCTTCTGGGAAA GGC-3′ and 5′-GAAGACCAGCACTAGCGGTG-3′) and two primers to amplify a 450 base pair segment from the native rat opsin transcript (5′-GGGGCCTATGACAATCCACCTG-3′ and 5′-CCCCCTGAATCCTGCTT TGTAA-3′).
For the S334ter lines, the qRT-PCR procedure described by Chen et al. (1995) was followed. Each amplification was performed with two primers, designed to amplify a 350 base pair segment from the mouse opsin transcript (5′-TGGGAGATGACGACGCCTAA-3′ and 5′-TGAGGGA GGGGTACAGATCC-3′) and two primers to amplify a 450 base pair segment from the native rat opsin message (5′-GGGGCCTATGACAAT CCACCTG-3′ and 5′-CCCCCTGAATCCTGCTTTGTAA-3′).
The PCR products were resolved on a 1.5% agarose gel, stained with ethidium bromide, and photographed. The pictures were scanned and the band intensity was determined with IP gel pro 3.0 software. Table 1 Lines of rhodopsin transgenic (Tg) rats, terminology, and ratio of the amount of mutant opsin to wild-type, endogenous opsin in the retinas of Tg rats.
Line
Abbreviation RRRC 
Protein analysis
For Western Blot analysis, rat retinas were immediately frozen following separation from the RPE. The procedure used for the S334ter lines was as described by (Green et al., 2000) . The difference in protein expression in the P23H lines cannot be seen by Western Blot analysis because of the similarity in the size of mutant and WT opsin.
Electroretinographic (ERG) analysis
Rats were dark-adapted overnight and then anesthetized with intramuscular injections of xylazine (13 mg/kg) and ketamine (87 mg/ kg) in dim red light. The corneas of the rats were anesthetized with a drop of 0.5% proparacaine hydrochloride, and the pupils were dilated with 1% atropine and 2.5% phenylephrine hydrochloride. Full-field scotopic and photopic ERGs were elicited and recorded as described previously Roddy et al., 2012) , To measure scotopic ERG responses, stimuli were presented at intensities from −4.6 to 2.4 log cd sec m −2 at inter-stimulus intervals ranging from 5 s at lowest intensities to 60 s at the highest intensity, although the S334ter-9 rats with the lowest amount of mutant rhodopsin (Table 1) showed prolonged recovery and required much longer inter-stimulus intervals (see Results).
Retinal histology
As described previously (LaVail and Battelle, 1975) , rats were euthanized at various ages by overdose of carbon dioxide inhalation and immediately enucleated and immersed into a mixture of combined aldehydes (2% paraformaldehyde and 2.5% glutaraldehyde). Alternatively, some rats were intravascularly perfused with the fixative immediately after being euthanized, as described above, after which their eyes were dissected out of the orbit. Eyes were bisected, post-fixed in osmium tetroxide, and embedded in epoxy resin, and single 1-μm thick histological sections were made along the vertical meridian. The thickness of the outer nuclear layer (ONL) was taken as a measure of PR number (Michon et al., 1991) . For each retina, the mean ONL thickness was obtained from 54 measurements taken at equidistant points around the eye; these values were averaged to obtain a single ONL value for each retina, which was used for used for statistical analysis as described (Faktorovich et al., 1992) . In addition, groups of 3 measurements in each 440-μm microscopic field were averaged and the data were plotted to show specific regional differences across the section (Faktorovich et al., 1992) , as first done by Rapp and Williams (1980) and later known as a retinal spidergram. After light microscopic examination, selected areas were thin-sectioned and examined by transmission electron microscopy as described (Carter-Dawson and LaVail, 1979a) . For the identification and quantification of cone PR nuclei, we used the criteria developed for analysis of light-damaged (LaVail, 1976b) , RCS inbred (LaVail, 1981) and RCS congenic strains of rats.
Rhodopsin measurements
Rhodopsin content in each Tg line was measured and in control SD rats at different ages. The method was that described by Smith (1992) . Two eyecups from each dark-adapted rat were pooled, homogenized in buffer followed by centrifugation, and the supernatant was collected and its absorbance spectrum measured from 450 to 550 nm using a Spectronics Genesys 5 spectrophotometer. The retina sample was bleached by light (60 W at a distance of 10 cm for 1 min), and then the absorbance spectrum was measured; the decrease in absorbance at 498 nm was used to assess the amount of rhodopsin in the tissue.
Results
General phenotypic features of the Tg lines
Mutant opsin in the retina
The rates of degeneration of the 8 lines of mutant rhodopsin are shown in Fig. 1 and described in Table 1 . The rate of PR degeneration in the Tg rats is approximately proportional to the amount of mutant opsin in the retinas expressed as a ratio of mutant:WT opsin when both the mRNA and protein levels are measured (Table 1) . The Tg opsin mRNA in the slowest RDs (P23H-2 and S334ter-9) is only a trace or very low amount, whereas the fastest RDs contain 1.5 (S334ter-3) or 5 (S334ter-7) times the WT endogenous opsin mRNA (Table 1) . Thus, much greater Tg opsin protein is found in the retinas of the fastest degenerating lines than in the slower ones (Table 1) .
Progressive loss of photoreceptor cells
The loss of PRs is first indicated by the presence of pyknotic nuclei The values are the means of 54 measurements taken along the vertical meridian of one retina from 3 to 5 rats at each age. The variance from these means in most cases falls within the symbol, so error bars have been omitted for clarity. In most cases, the SEM was < 1.0 mμ, and in all cases after P10, it was < 2.0 mμ except for S334ter-3 at P15, where the SEM was 3.3 mμ. For conversion to rows of PR nuclei, in the 1-μm thick plastic sections, each rod nucleus is approximately 4.5 μm in diameter.
Table 2
Degenerative retinal changes in P23H and S334ter rhodopsin Tg rats. For each transgenic line, the observations are based on examination of the eyes from 2 to 5 rats at each age, and compared to those of 3 SD control rats at each age.
Note: Where superior/inferior asymmetry exists, the earliest changes are typically seen in the superior posterior retina, which are indicated here as the first degenerative changes; these are not seen in the peripheral or inferior retina until slightly later ages. PN, pyknotic nuclei number in ONL greater than normal (2 + per 180-μm field). PNx, more PN than normal, but < 2 per 180-μm field.
ONL*, overall outer nuclear layer first thinner than normal (P < 0.5 Experimental Eye Research 167 (2018) 56-90 ( Table 2) followed by progressive thinning of the ONL (Figs. 1-3) . The onset and pace of degeneration among the 8 lines of rhodopsin Tg lines range from extremely fast (S334ter-7), with earlier onset and rate of RD faster than even that in the rd1 mouse, to those with very slow rates of RD in which the retinas are indistinguishable from normal WT for up to 2 (P23H-2) or 4 months of age (S334ter-9), followed by a very slow degeneration thereafter ( (Figs. 3 and 4 ) and the overall average of 52 ONL measurements in a given retinal section. Retinal spidergrams give an excellent visual image of the distribution of surviving PR nuclei in one plane of a retina (vertical meridian in this case). However, each plotted data point is the mean of 3-5 values, each from a different animal. In the case of identification of the first age at which the ONL is totally obliterated at one region, that region may be slightly different in different retinas, thus masking a zero value. For example, in the rapidly degenerating S334ter-3 line at P19, the ONL does not reach zero in the spidergram (Fig. 4E ), yet in individual rats at P19-P20, it is possible to see total loss of the ONL in small focal regions (Fig. 11F) . Likewise, the overall average of all 52 ONL measurements in each retina (Figs. 1 and 2) obscures the minimal ONL thickness, but microscopic observation of a series of ages shows the first observed total loss of ONL in any region of the retina (ONL † in Table 2 ).
Hemispheric asymmetry and gradients of ONL degeneration
As is widely appreciated, the ONL of WT rats becomes thinner with age, particularly during the first 2 months (Figs. 1 and 3 ), due to rapidly expanding eye size without the generation of new cells. Retinal spidergrams of ONL thickness along the vertical meridian and at various ages of WT rats demonstrate typical uniformity of ONL thickness in both hemispheres of the retina and thinning of the ONL near the periphery in comparison to that of the central retina (Fig. 3) . This is shown by the 1-2 most peripheral data points being somewhat smaller than those in the posterior retina.
The onset and pace of PR degeneration in the Tg lines proceeds in a central-peripheral gradient. This is most readily seen at early stages of the most rapidly degenerating Tg lines, S334ter-7, S334ter-3 and S334ter-5, where the central retina has already lost most PRs, while fewer have been lost in the peripheral retina ( Fig. 4D-F) . Unlike the WT retina and at all ages, the Tg lines with a more moderate rate of PR loss, P23H-1, P23H-3 and S334ter-4 (Fig. 4A , B and G) at most ages have a peripheral ONL thickness the same or similar to that in the central retina, unlike that in WT rats (Fig. 3) , thus indicating that the central retina has degenerated more rapidly than the peripheral retina. The P23H-2 line with very slow PR degeneration shows a more subtle central-peripheral gradient based on this criterion (Fig. 4C) , and the S334ter-9 line (Fig. 4H) shows a nearly normal WT ONL thickness, as expected from the low level of transgene expression (Table 1) .
A hemispheric difference exists in each of the Tg lines. Thinning of the ONL due to degeneration and loss of PRs is greater in the superior hemisphere than in the inferior hemisphere in each of the Tg lines, at least at some age(s) in the degenerative period (Fig. 4) . This asymmetry in rate of degeneration is subtle in the most rapidly degenerating lines, such as S334ter-7 (Fig. 4D ) and S334ter-3 (Fig. 4E) , and in the very slowly degenerating line S334ter-9 (Fig. 4H) . However, it is much more obvious in the other lines (Fig. 4) . The S334ter-4 line (Fig. 4G) shows the greatest asymmetry at all ages beginning at P21. This line was explored further at P60, when the superior-inferior asymmetry was more obvious (Figs. 4G and 5A) . Diagonal sections taken approximately 45°f rom the vertical meridian either along the inferior-temporal to the superior-nasal axis (Fig. 5B) , or from the inferior-nasal to the superiortemporal axis (Fig. 5C ) reveals that most of the inferior hemisphere has the slowest rate of degeneration throughout the hemisphere. A horizontal section taken immediately above the horizontal meridian (Fig. 5D) shows that the faster rate of degeneration in the superior hemisphere ( Fig. 5A-C) begins immediately above the horizontal meridian, and that combined with Fig. 5A -C, it can be seen that the degeneration is faster throughout the superior than in the inferior Fig. 2 . Different phenotypic characteristics of WT and Tg rats at ages up to P365. The values are expressed as a percent of control (WT), shown as a dashed line. The P23H lines (A-C) and S334ter lines (D-H) are each arranged in descending order of PR degeneration rate, with the most rapidly degenerating given first. ONL, solid line; X, ONL of homozygote; ROS length, shaded bars; whole-eye rhodopsin, open circles. ERG amplitudes in each of the Tg rat lines up to P365 or until the waves are extinguished. Scotopic a-wave (blue line); scotopic b-wave (green line); photopic b-wave (red line). The amplitudes are in response to saturating stimuli. The most rapidly degenerating lines, S334ter-7 and S334ter-3, showed no ERG responses. The values are the means of 3-5 rats at each age. The scotopic b-waves shown are from stimuli presented at an intensity of 0.4 log cd-s/m 2 , followed by a stimulus at 2.4 log cd-s/m 2 to elicit the scotopic a-wave. The rats were then exposed to a background light of 29 cd/m 2 for 10 min before they were exposed to stimuli of 0.4 log cd-s/m 2 to elicit the photopic b-wave.
The error bars have been omitted for clarity. As noted in the legend to Fig. 1 , the variance in the raw data upon which these percent of control values were calculated was small for the ONL, most being < 1.0 mμ and all but one being < 2.0 mμ. The SEMs of all of the rhodopsin and rod outer segment lengths after P10 were mostly < 1.0 mμ, with a few < 2.0 mμ. The ERG measurements were intrinsically more variable, but the SEMs were still mostly < 20.0 μV, with almost all < 40 μV. Fig. 3 . Retinal Spidergrams of the ONL thickness of Sprague-Dawley WT rats at different ages. Each ONL data curve is the mean of 3-5 rats, and each data point is the mean of 3 adjacent measurements; thus, the 54 ONL measurements are reduced to 18 points across the retina, 9 in each of the superior and inferior hemispheres along the vertical meridian. Error bars are omitted for clarity. Dashed lines are given for the mean ONL thickness at ages ranging from P10 to P365. The curves illustrate the normal retinal thinning with age, the symmetrical ONL thickness in the two hemispheres along the vertical meridian, and the thinning of the ONL near the periphery of the retina compared to that of the central retina. Fig. 4 . Retinal spidergrams of each of the Tg lines illustrate hemispheric asymmetry in rate of degeneration. In each of the P23H (A-C) and P334ter (D-H) lines, the superior hemisphere degeneration is greater than that in the inferior hemisphere at some point in the degenerative period, to a greater or lesser extent in each line. Different ages are plotted, depending upon the rate of degeneration, but dashed lines are given for the mean ONL thickness at ages ranging from P12 to P365.
hemisphere.
2.1.4. Rod outer segment length and rhodopsin content in the degenerating retinas In the two lines with earliest onset and most rapid loss of PR cells, S334ter-7 and S334ter-3, no rod outer segments (ROSs) could be detected ( Fig. 2D and E), and this was further confirmed in S334ter-3 rats by immunocytochemistry (Martinez-Navarrete et al., 2011) and electron microscopy (data not shown). All of the other lines showed reduction in overall length of ROSs that roughly paralleled the ONL thickness (Fig. 2) , even though there was variation within the eye, as with the ONL thickness.
Our measurements of whole-eye rhodopsin content were generally 10-15% lower in percent of WT control than (OS) length, but the levels generally fell as PRs were lost, as did OS length. In another study of the P23H-3 line at P60 (Bicknell et al., 2002) , the rhodopsin content was 50% of that in WT retinas, as was ours (by interpolation) (Fig. 2B) . In that study, as well, the percent of control number of PRs surviving was estimated to be greater than that of rhodopsin, as seen in the present study.
In the degenerations with earliest onset (S334ter-7 and S334ter-5) where rhodopsin was measured at very early age (P8), even in the absence (Fig. 2D) or extremely short (Fig. 2F ) PR OSs, the rhodopsin levels were higher than normal (P = 0.01 and P = 0.0175 in the S334ter-7 and S334ter-5 lines, respectively), and this was found in 3 separate experiments with each of these lines. Each of these sets of measurements compared 4-6 retinas from Tg and WT littermates. The rhodopsin content of S334ter-3 retinas was also greater at P8 than WT, whereas those of all slower lines were not greater than WT at this age; since littermates (exactly the same age) were not compared and there was some variation in rhodopsin content of SD retinas measured on different days, we could not do a statistical analysis on these groups. Nevertheless, the lines with the fastest RDs consistently showed a greater amount of rhodopsin at P8 than those with slower RDs. Presumably, the higher than normal levels of rhodopsin in the rapidly degenerating retinas results in the PR degeneration, because overexpression of either mutant or WT rhodopsin is toxic to PRs (Chen et al., 1995; Li et al., 1996; Olsson et al., 1992; Tan et al., 2001 ).
Gene dosage effect on degeneration rates in the Tg lines
As noted in the Methods, we produced homozygous Tg rats of all lines except S334ter-5 and S334ter-7. When we examined the dose effect of the transgene on the ONL thickness by assessing hemizygotes versus homozygotes for each line (Fig. 2) , it was clear that the retinas from the homozygotes (two copies of the transgene) from all lines were more degenerated than the hemizygotes (single copy of the transgene) of the same age. Two copies of the transgene affected the P23H lines less than they did the S334ter lines (where homozygous rats could be produced). For example, in the P23H-1 line, the ONL was hardly changed from that of the hemizygotes, the means of all measurements in the P23H-1 line being only 5.6% less than those of the hemizygotes ( Fig. 2A ). In the slower degenerating P23H-3 and P23H-2 lines, the means of the 3-4 homozygote ONL measurements were 20.6% and 22.4%, respectively, thinner than the values for the hemizygotes ( Fig. 2B and C) . By contrast, the means of the ONL measurements in the S334ter-3, S334ter-4 and S334ter-9 lines were 52.8%, 41.6% and 59.8%, respectively, thinner than the values of the hemizygotes (Fig. 2E , G, H).
The S334ter-9 line, in which the hemizygotes have the lowest amount of truncated opsin expression (Table 1) , have an almost normal structure throughout the first year of life (Figs. 2H and 14D). However, their homozygote counterparts at P180 and P300 showed a marked effect on the number of surviving PRs (Fig. 2H ). This suggests that in the S334ter-9 line, there is a threshold of mutant opsin that affects PR viability. Another unsuspected difference in hemizygotes and homozygotes occurs in the rapidly degenerating S334ter-3 line. As noted by Li et al. (2010) , the homozygous S334ter-3 line had little or no difference in structural appearance to the hemizygotes. However, in neuroprotective studies, various factors had a greater protective effect in hemizygous animals than in homozygotes, which sometimes had no effect (LaVail et al., unpublished observations; confirmed by Wen, personal communication). Thus, even in the appearance of minimal negative effect, higher dose of the mutant opsin protein can have a more deleterious effect on the PRs.
Invasion of phagocytic cells to the outer retina
In many forms of RD and other neuronal degenerations, cell death attracts immunocompetent cells that phagocytize cellular debris, and may play important roles in the degenerations. The bulk of evidence 
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Experimental Eye Research 167 (2018) 56-90 concludes that these are resident microglia that are activated, after which they migrate to the site of injury/degeneration, proliferate, phagocytize remains of degenerating cells and often enlarge (see . WT SD rats -Light micrographs of the outer retina at different ages ranging from neonatal P6 (A) to one year of age (I) for comparison with the rhodopsin mutants. Ages in postnatal days (P), given on the micrographs. All micrographs are taken from the superior posterior or superior equatorial regions of the eyes. PR OSs (OS) begin to be elaborated at P8 (B), and they elongate and become more organized (D, E) until they reach the adult length by about P30 (F). The outer nuclear layer (ONL) comprises approximately 98.5% rod PR nuclei and 1.5% cone (c) nuclei that are slightly larger than those of rods. During the postnatal development, the PR nuclei have a spotty chromatin appearance until about P21 (E) to P30 (F). Some naturally occurring cell death is seen as pyknotic nuclei (arrow). The RPE (RPE) contains ingested ROS tips, known as phagosomes (p). As the retina ages, the retina thins slowly, particularly after P30 (F-I), as shown in the ONL thickness in Fig Experimental Eye Research 167 (2018) 56-90 homozygous P23H-3 (Noailles et al., 2014) lines. In this study, we examined all of the lines for the presence of presumptive microglia at several ages listed in Table 2 . The invading cells are characterized by a pale-staining nucleus with a sharp peripheral rim of heterochromatin, sometimes with a prominent nucleolus (e.g., Fig. 7N -P and Fig. 10B-F) . The cells can be found in the outer plexiform layer (MGo in Table 2 ; e.g., Fig. 7N , arrowhead), ONL (MG; e.g., Fig. 11C and D) and interphotoreceptor space (IPS) (MGi; e.g., Figs. 7P and 13H) , with a few apparently migrating through the inner nuclear layer (Fig. 7O) .
These presumptive microglia are present in the outer retinas where the degeneration and disappearance of PR nuclei is most actively Fig. 7 . P23H-1 rats -Light micrographs of the outer retina at ages ranging from P10 (A) to P280 (G, H). Ages given on the micrographs. Regions of retina: (A-F) superior posterior; (G, I, K) inferior posterior; (H) superior ora serrata; (L) inferior ora serrata. An increase in pyknotic nuclei is present at P10 and P12 (A, B, arrows). (C,D,F) PR nuclei are progressively lost, along with the shortening of rod inner and OSs, with the first obliteration of the ONL in foci at P120 (F). The greater degree of PR degeneration in the posterior superior hemisphere than that in the same regions of the inferior hemisphere is shown at P30 (D, I), P50 (E, J) and P120 (F, K). A central-to-peripheral gradient of degeneration is shown at P120 between the more degenerated inferior posterior region (K) and the region near the ora serrata of the same eye section (L). Phagosomes (p) in the RPE and the RPE processes are indicative of OS disc shedding; the small number is typical of the daytime, when most of the eye specimens were taken (D, J), but many are present when the eye was taken during the burst of shedding within the first 90 min of light onset in the morning (M). When most PR nuclei have degenerated and disappeared, a few rods (r) and cones (c) persist. At late stages (G), the RPE is frequently vascularized (v) and strands of inner nuclear layer nuclei are displaced through the inner plexiform layer (IPL). (H) A small cluster of PR nuclei typically persists at the ora serrata for up to at least a year of age. Both rod (r) and cone (c) PR nuclei are present at all stages of degeneration, even in the oldest ages (G, H). Invading presumptive microglia (arrowheads) are present in the outer plexiform layer (N), ONL (O), INL (O) and IPS (I, O, P). The cells are phagocytic, and the pale microglial cell process shown among the PR ISs in (O) is filled with ingested debris; it cannot be determined whether this process communicates with the nearby microglial cell nucleus in the ONL, or with another cell out of the plane of section. The cell in the IPS of (I) contains internal phagosomes and appears to be ingesting a displaced rod cell. INL, inner nuclear layer; IPL, inner plexiform layer; pep, RPE cell processes. Magnification bar = 20 μm.
Experimental Eye Research 167 (2018) 56-90 occurring (Table 2) . Thus, in the very slowly degenerating P23H-2 and S334ter-9 lines, only 2-3 such cells were seen in the entire collection of sections at all ages (Table 2) , and this was the same as the 2 such cells found in all of the WT SD retinas (data not shown). In the rapid S334ter-7 and S334ter-3 degenerations, where the highest incidence of pyknotic nuclei is in the innermost ONL, that is the same location of the majority of presumptive microglia ( Fig. 10C -E and Fig. 11C , D, respectively). The overall highest incidence coincided with the ages where PR degeneration was greatest. For P23H-1, these were P15-P60, with the highest incidence at P21-P30. For P23H-3, these were P21-P120, with the highest incidence at P30-P60, but the density of presumptive microglia in any one section of the P23H-3 rats was lower than in the faster degenerating P23H-1 line. This same pattern occurred in the S334ter lines, where the highest number was present at P6-P10 in the S334ter-7 line and at P10-P12 in the S334ter-3 line, with only a few present thereafter. The somewhat slower degenerating S334ter-5 line had the highest density at a slightly later age, from P10-P15, with almost none present by P21. The even slower RDs showed a similar, but later pattern, with the S334ter-4 line having the most presumptive microglia between P21-P30, with a few present up to P120. Thus, it appears that the greater stimulus of a higher density of degenerating cells attracts a greater number of presumptive microglia. The invasion of presumptive microglia occurred rapidly, soon after the onset of PR cell death, particularly with the early-onset S334ter-7 and S334ter-3 lines, where there is massive early degeneration. In fact, with line S334ter-7, the earliest we examined (P4) already had some PR cell death (Fig. 10A) , and a few presumptive microglia could be found at that age (not shown), although they were more difficult to distinguish from the relatively undifferentiated cells just as the outer neuroblastic layer was separating into an inner and. By P6, they were readily evident (Fig. 10B, arrowhead) . A similar rapid invasion following the onset of PR degeneration was seen in the other lines (Table 2) .
Likewise, once the majority of pyknotic PR nuclei had disappeared, the number of presumptive microglia was quickly reduced, e.g., line S334ter-7 at P15 (Table 2 and Fig. 10G ). A similar fairly rapid reduction Fig. 8 . P23H-3 rats -Light micrographs of the outer retina at ages ranging from P14 (A) to one year of age (K-L). Ages given on the micrographs. Regions of retina: (A-G) superior posterior; (H) near superior ora serrata; (I-K) inferior posterior; (L) inferior ora serrata. At early ages, pyknotic nuclei (arrows) are present in the ONL (A-C) at a greater incidence than in SD WT retinas (Fig. 6 ). As PR nuclei are lost from the ONL, the surviving PR inner and OSs get progressively shorter in the superior posterior hemisphere at P30 (C), P60 (D), P90 (E) and P120 (F), until they are essentially missing by P240 (G). The greater degree of PR degeneration in the posterior superior hemisphere than that in the same regions of the inferior hemisphere is shown at P90 (E, I) and P120 (F, J). Cone cell nuclei (c) are found at all ages in the ONL (e.g., E). Most PRs are missing at one year of age (K), when the retina is disrupted and the RPE is vascularized (v). However, clusters of persisting rod (r) and cone (c) nuclei are present in the ONL at the ora serrata at older ages, up to one year (L). p, phagosomes; pep, RPE cell processes. Magnification bar = 20 μm.
Experimental Eye Research 167 (2018) in incidence of the cells following the loss of most pyknotic PR nuclei occurred in the other lines, as well (Table 2) .
2.1.7. Rod outer segment disc shedding and phagocytosis by the RPE The role of the RPE in ROS renewal is widely known, and the phagocytic ingestion of shed packets of OS discs is under circadian control in rats, with a major burst of disc shedding soon after the onset of light in the morning (LaVail, 1976a) . From about 2 h after light onset, the phagosomes in the RPE cell processes and cell bodies are lower in incidence and typically smaller than during the burst of shedding. The earliest age at which disc shedding is seen is about P12 (Tamai and Chader, 1979) .
Since almost all of the rats studied in the present study had their eyes taken after the burst of shedding, most microscopic fields in normal SD (Fig. 6E-I ) and Tg rats showed the expected low incidence of phagosomes, and some showed none. However, phagosomes could be found in the RPE in all of the Tg lines, such as P23H-1 (Fig. 7D , J, N, P), P23H-3 (Fig. 8A, C, E, I ), P23H-2 (Fig. 9A, C , E, G), S334ter-3 (Fig. 11E ), S334ter-5 (Fig. 12F) , and S334ter-9 (Fig. 14A, C ). An example of a retina taken during the early burst of shedding is shown in a P23H-1 rat in Fig. 7M . Thus, as expected from a RD due to a rhodopsin defect, ROS disc phagocytosis in the Tg rats appears to function relatively normally.
In lines S334ter-7 and S334ter-3, where no ROSs are generated, a few phagosomes could be found in the RPE, which presumably represented ingestion of extracellular debris (S334ter-3, Fig. 11E ). In addition, the RPE was capable of ingesting the degenerating nuclei of PR cells displaced into the IPS (S334ter-7, Fig. 10D , J, K; S334ter-5, Fig. 12D ), even at P8 and P10 ( Fig. 10D and J, respectively) before disc shedding of OSs begins in normal retinas (Tamai and Chader, 1979) .
Rod cell death precedes cone cell death
Since both the P23H and S334ter mutations are expressed in rhodopsin, rod PRs die before cone PRs (see Discussion). To gain quantitative evidence of this in the Tg lines at different ages, we assessed the percentage of surviving rod and cone nuclei in the ONL in the plastic sections (Table 3 ). In retinas with rod PR defects, the percentage of cones in the ONL rises, such as in the extreme example of the rd1 mouse, where cones rapidly become 100% of the PR population with the loss of all rods, and the cones are much more slowly lost (CarterDawson et al., 1978) . In the WT SD retinas, we found about 2.2-2.5% of the ONL to be cones (Table 3 ). This is somewhat higher than the 1.5% we have previously found (LaVail, 1976b) , but it may be that our earlier lighting conditions led to a slightly stressful environment. Nevertheless, in all of the rhodopsin Tg lines measured, all of the retinas showed preferential rod degeneration with a consequential elevation in percentage of surviving cone cells (Table 3) Although there was a much greater loss of rod PRs, some survived for most of the life of the Tg animals.
As seen in Table 3 , the correlation of a greater survival of cones and rods at earlier stages of degeneration can also be seen in the hemispheric asymmetry within individual sections, particularly in the slower degenerating lines where greater asymmetry exists (Fig. 4) . In almost every case, the more rapidly degenerating superior hemisphere shows a greater loss of both rods and cones than the more slowly degenerating inferior hemisphere, but far greater loss of rods than cones (Table 3) . Thus, the rod loss can be very rapid, with relatively slower cone loss.
Müller cell hypertrophy and other late changes in the retina
In most RDs, the loss of PRs leads to many responses and remodeling of the synaptic connectivity and organization of the remaining retinal cells Jones and Marc, 2005; Jones et al., 2003) . The most widely recognized secondary change is the hypertrophy of retinal Müller cells, the main retinal glial cell type that spans the retina. As noted in Table 2 , Müller cell hypertrophy is found in all Tg lines following extensive ONL thinning or loss, except for the very slowly , the retina appears almost normal, although a slightly higher incidence of pyknotic nuclei (arrows) and the ONL first measures slightly thinner than that in SD control retinas (Table 2) . Thereafter, PRs are relatively slowly lost up to P180 (B-E), where rod inner and OSs are somewhat shortened. Phagosomes (p) are present in the RPE and RPE cell processes in many of the retinal sections (C, E). At P380, 1-2 rows of PR nuclei comprise the ONL in the most degenerated region of the superior posterior region of the eye (D), but significantly more PR nuclei survive just more peripheral to the most degenerated region (E). Both rod (r) and cone (c) nuclei are present at all ages. Magnification bar = 20 μm.
degenerating S334ter-9. Activated Müller cells can overgrow into the OS layer by P30 in the S334ter-4 line, earlier than expected (McGill et al., 2012b) . As described by Jones et al. (2003) , microneuromas are also found in some of the retinas, particularly in the latest stages of the most rapidly degenerating of the P23H lines (P23H-1) and two of the most rapid S334ter lines (S334ter-3 and S334ter-5) ( Table 2) .
Specific phenotypic features of the different Tg lines
The focus of this study was primarily on the changes in PRs and their degenerations. We have previously reported on the relationship of PR development and degeneration to retinal vascularization and the later events of RPE neovascularization and attenuation (Pennesi et al., 2008) . In lines where neovascularization of the RPE occurred (all except S334ter-7), it happened with a latency of 60-180 days after the loss of most PRs (Pennesi et al., 2008) .
As with Tables 1 and 2 , the lines are described in descending rate of degeneration, the fastest first, within each Tg type. Many of the phenotypic features given in Table 2 are illustrated.
SD WT
The background strain in which the Tg rats were produced was the SD albino strain. Light micrographs of the outer retina at various ages are given in Fig. 6 for comparison with retinas from the Tg lines. Retinal cell genesis in the rat is complete at the posterior retina by the first week of life (Rapaport et al., 2004) , and most of the young PRs have reached their destination in the ONL by P6 (Fig. 6A) . At this age and up through about P16 (Fig. 6D) , most of the PR nuclei have a spotty heterochromatin pattern; as the PRs mature, at P21 and P30, most rods have developed the typical single clump of heterochromatin (Fig. 6E and F, respectively) .
PR OSs begin to be elaborated at P8, and they elongate and become more organized ( Fig. 6D and E) until they reach the adult length by about P30 (Fig. 6F) . Cone nuclei can be seen at or near the outer border of the ONL, identified by their slightly larger diameter than that of rods and by their multiple lobes of heterochromatin and greater amount of euchromatin than in rod nuclei (Fig. 6G) . With optimal staining, the euchromatin of rod nuclei can be seen to be more intensely stained than that of cone nuclei. As the retina ages, the retina thins slowly as the eye enlarges, particularly after P30 (Fig. 6F-I ), as shown in the ONL Fig. 10 . S334ter-7 rats -Light micrographs of the outer retina at ages ranging from P4 (A) to P30 (L). Ages given on the micrographs. Regions of eye: (A-D and F-H), superior posterior; (E) superior peripheral; (I, K) inferior posterior; (J) inferior peripheral; (L) inferior ora serrata. (A) Pyknotic nuclei (arrows) are seen in the developing outer nuclear layer (ONL) at P4, and then many of the innermost immature PR nuclei in the ONL rapidly become pyknotic at P6 (B), P7 (C), P8 (D) and P10 (E). At these same ages, many displaced PR nuclei (d) are present in the IPS (B-E). Beginning at about P8, pyknotic nuclei rapidly disappear (D-F), so that by P12 in the superior posterior retina, there is a loss of PRs (F), which becomes more extensive at P15 (G) and P21 (K). A cluster of PRs persists at the ora serrata at P30 (L). Invading cells, presumptive microglia, (arrowheads) that are presumably phagocytic and remove pyknotic cells are widely present in the inner part of the ONL at most ages, with some in the subretinal space (E). Pyknotic displaced PR nuclei are present in the IPS (1), and the RPE apparently participates in the removal of dead cells by phagocytosis (2). Once PR inner and OSs disappear (G, H), the IPS is filled with RPE cell processes (pep). c, cone nucleus; r, rod nucleus. Magnification bar = 20 μm. thickness in Fig. 1 . The RPE contains ingested ROS tips (phagosomes), so OS turnover appears to occur normally, as expected.
P23H-1
The P23H-1 line has the earliest onset and fastest rate of degeneration of the 3 P23H lines (Fig. 1A) . The early histogenetic sorting of PR nuclei into the definitive ONL in the P23H-1 line (not shown) is indistinguishable from that seen in littermate WT rats from P4-P8. Likewise, the early elongation of the rod inner segments (RIS) and elaboration of ROS membranes at P8 and P10 are indistinguishable in the P23H-1 (Fig. 7A ) and WT SD (Fig. 6C) retinas. The first clear signs of degeneration are the slight increase in the incidence of pyknotic nuclei in the P23H-1 retinas at P10 (Table 2 and Fig. 7A, arrow ). There is a higher incidence of pyknotic nuclei in the ONL of P23H-1 rats at P12 (Fig. 7B, arrows) , and the overall ONL thickness is first seen as thinner than that of the SD retina at that age (P < 0.05; Table 2 ).
By P15, the P23H-1 retina has lost significantly more PRs (Fig. 7C) , with the ONL thickness only about 76% of that of the SD retina, overall ( Fig. 6D and Table 2 ). The rod ISs and OSs are also decidedly shorter than WT at this age. At progressively later ages, the P23H-1 retinas lose more PR cells (Fig. 7D-G) , and the ONL is obliterated at focal points by P120 (Fig. 7F) . As the ONL is lost, the rod ISs and OSs progressively shorten (when a given region of the eye is compared), e.g., Fig. 7D -F. As long as ROSs are still present, even if very short, the OSs maintain their characteristic shape (Fig. 7D , E, J, L). Moreover, whenever ROSs are present, some phagosomes (p) are present in the RPE cell bodies (Fig. 7D, N, P) . Soon after the onset of light, there is an abundance of phagosomes within the RPE cell bodies, and RPE cell processes become more noticeable (Fig. 7M) .
The greater degree of PR degeneration in the posterior superior hemisphere than that in the same regions of the inferior hemisphere is shown at P30 (Fig. 7D and E) , P50 ( Fig. 7E and J) and P120 ( Fig. 7F and   K) . A central-to-peripheral gradient of degeneration is shown at P120 between the more degenerated inferior posterior region (Fig. 7K ) and the region near the ora serrata of the same eye hemisphere (Fig. 7L) .
Invading presumptive microglia are present in the outer plexiform layer (Fig. 7N) , ONL (Fig. 7O) , inner nuclear layer (INL, Fig. 7O ) and IPS (Fig. 7I, O, P) . The cells are phagocytic, and the pale microglial cell process shown among the PR ISs in Fig. 7O is filled with ingested debris; it cannot be determined whether this process communicates with the nearby microglial cell nucleus in the ONL, or with another cell out of the plane of section. The cell in the IPS of Fig. 7I contains internal phagosomes and appears to be ingesting a displaced rod cell.
When PR inner and OSs are mostly (Fig. 7F ) or completely missing (Fig. 7G) , the IPS is filled with a pale zone that is seen by electron microscopy to be RPE cell processes (Fig. 17A-B) . When almost all PRs have been lost, a few rods and cones still persist (Fig. 7K ). At such late stages, strands of inner nuclear layer nuclei can be seen crossing the inner plexiform layer, and RPE vascularization is evident (Fig. 7G) . In these same retinas, a small cluster of PRs typically survives at the ora serrata (Fig. 7H) ; most are rods, with a few cones surviving.
A fairly high percentage of the P23H-1 rats have been shown to have auditory deficits, with auditory loss in about 26% of the rats at P50, and about 45% having total hearing loss by P200 (Sotoca et al., 2014) . As far as we are aware, none of the other rhodopsin Tg lines (P23H or S334ter) have been examined for this sensory impairment.
P23H-3
Phenotypic characteristics of the P23H-3 Tg line are very similar to those of the P23H-1 line, with the major difference being the slower rate of degeneration (Fig. 1A) . As seen in Fig. 1A and in the descriptions in Table 2 , the P23H-3 line has a steep and early slope of degeneration similar to that of the P23H-1 line, but after about P21, the rate slows from that of the P23H-1 line. For example, the P23H-1 line reaches the Fig. 11 . S334ter-3 rats -Light micrographs of the outer retina at ages ranging from P6 (A) to P30 (G). Ages given on the micrographs. All micrographs are taken from the superior posterior to equatorial regions of the eyes, except H, which is from the inferior posterior hemisphere in the same retinal section as F. (A) Developing ONL at P6, which is indistinguishable from that of normal controls, except for a greater number of pyknotic nuclei (arrows). Displaced PR cells (d) are present in the IPS from P8-P15 (B-E). PR nuclei are lost from the ONL during this time, and at the period of most rapid PR loss, P10-P12, the greatest number of pyknotic nuclei in the ONL is in the innermost region of the layer (C, D, arrows). At this time, presumptive microglia are abundant in the ONL (C, D arrowheads). Occasionally, a very large, pale nucleus is found in the ONL (*), which may be a cell in some phase of mitotic division, as the invading microglia are known to proliferate in the ONL. An incomplete single row of nuclei is first seen in the superior posterior retina at P20 (F); a complete row is still present in the same region of the inferior hemisphere (H). At P30 (G) and thereafter, only scattered PR nuclei are present in the retinas. r, rod cell nucleus; c, cone cell nucleus. Magnification bar = 20 μm.
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Experimental Eye Research 167 (2018) 56-90 overall loss of about 25% of PR nuclei in the ONL at P15, whereas the P23H-3 line reaches approximately the same degree of loss at P30, a difference of 15 days (Table 2) . By contrast, the difference to reach a 75% loss in the 2 lines is about 180 days (Table 2 ).
In the P23H-3 line, the ONL is already slightly thinner than the WT SD at P14 (Figs. 8A and 6D) , and the ROSs are slightly less well organized. By P21 (Fig. 8B), P30 (Fig. 8C), P60 (Fig. 8D) and P90 (Fig. 8E) , there is a progressive loss of PRs in the ONL and a shortening of PR ISs and OSs throughout the retina, but particularly in the superior posterior region of the retina. The ONL in the P23H-3 line is first significantly thinner than WT due to loss of PRs at P21 (P < 0.05; Table 2 ). The less severe degeneration in the inferior posterior hemisphere seen in retinal spidergrams (Fig. 4B) is more evident at P90 (Fig. 8E and I ) and P120 ( Fig. 8F and J) . The reduction of the ONL to less than one complete row of PR nuclei is reached by P240, when both rod and cone nuclei are present, and RPE cell processes fill the former PR inner and OS layer (Fig. 8G) . In retinas of this same age, a cluster of mostly rod cells persists at the ora serrata (Fig. 8H) , similar to that seen in the P23H-1 retina, but with a somewhat greater number (cf. Figs. 8H and 7H) ; at one year of age, fewer rods and cones persist at the ora serrata (Fig. 8L) . At this age, many disruptions in the INL are present, as are profiles indicating neovascularization of the RPE (Fig. 8K) .
As in the P23H-1 line, when ROSs are present, even if lying down due to the loss of most of them (e.g., Fig. 8F ), they still maintain their characteristic cylindrical shape, albeit slightly distorted and sometimes with a greater diameter than normal (Fig. 8F) . Likewise, when ROSs are present, packets of shed OS disks (phagosomes) are frequently found in the RPE processes and cell bodies at most stages of degeneration (Fig. 8A-C, E, F, I ).
P23H-2
The P23H-2 line has the latest onset and slowest rate of degeneration of the 3 P23H rhodopsin Tg lines (Figs. 1A and 9 ). Its pattern of PR degeneration is similar to that of the P23H-1 and P23H-3 lines, albeit slower. It has a few more pyknotic nuclei in the ONL than normal WT retinas at all ages from about P21 ( Table 2 ). The P23H-2 retina appears almost normal at P60 (Fig. 9A ), but the overall thickness of its ONL is significantly thinner than WT at that age (P < 0.00005; Table 2 ). The overall loss of about 25% of PR nuclei does not occur until P180 (Table 2) . As the animal ages, the loss of PR nuclei and the concomitant shortening of the PR inner and OSs occurs, as shown in the superior posterior region of the retina in Fig. 9B -D at P120, P180 and P380. Like the other P23 lines, 1) the inferior posterior retina is less severely affected at each age (cf. Fig. 9B with F at P120, 9C with G at P180, 9D with H at P380), 2) the retinas display a central-peripheral gradient, as shown at P380, where the superior equatorial retina (Fig. 9E) is less severely affected than in the same section in the superior posterior retina (Fig. 9D) , and 3) at all ages when ROSs are present, they can be clearly distinguished by their cylindrical shape ( Fig. 9D and E H) , and the frequently presence of phagosomes (Fig. 9A, C , E, G).
S334ter-7
The S334ter-7 line has the earliest onset and most rapid degeneration of the S334ter lines and, in fact, of any known RD experimental mutant, as far as we are aware. At P4, the earliest we examined, more pyknotic nuclei are present in the developing ONL (Fig. 10A) . The first signs of cell death occur at approximately the age at which the opsin promoter begins to be expressed (Treisman et al., 1988) . (Note, the studies in Barnstable's lab consider the day of birth as P1; thus, our P4 is equivalent to P5 in the Barnstable studies.) Presumably, the extremely high content of mutant rhodopsin in the S334ter-7 line (Table 1) is . Coincident with the appearance of pyknotic nuclei at P12 and P15 is the appearance of invading presumptive microglia into the ONL ( Fig. 12D and E; arrowheads) . Very short, disorganized PR OSs (os) are shown at ages from P10-P30 (C-F, H). The inferior posterior hemisphere (H) at P15 is thicker than superior posterior in the same retina (E). Magnification bar = 20 μm.
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Experimental Eye Research 167 (2018) 56-90 particularly toxic to the developing PR cells. In fact, in this line, the total whole-eye rhodopsin at the earliest age consistently measures significantly greater than in WT control retinas (Fig. 2D) . Soon after P4, and through P10, three features are prominent that are not present in the more slowly degenerating P23H lines. First, the abundance and rapid formation of pyknotic nuclei is seen in the innermost ONL, usually in the innermost 20-30% (Fig. 10B-E, I , J). Second, many immature PRs, identified by their spotty heterochromatin as in normally developing PRs (Fig. 5A-D) , are displaced into the IPS, between the RPE and nascent rod ISs (Fig. 10A-D) or, when ISs are missing, between the RPE and outer limiting membrane (Fig. 10E-G (Fig. 10E, I ). After entering the subretinal space, many of the immature PRs appear to become pyknotic (Fig. 10B, C, F) . Third, PR ISs do not develop to longer than short nubs (Fig. 10A-E ) and are virtually missing by P10 (Fig. 10E) , and no observable PR OSs are evident (Fig. 10A-E) . The ONL of the S334ter-7 retinas is first significantly thinner than WT at P8 (P < 0.05; Table 2 ).
The developing PRs and pyknotic nuclei are lost from both the ONL and subretinal space at a remarkably fast rate, beginning at about P6 (Fig. 10B ) and reaching the loss of a continuous ONL in the most Fig. 13 . S334ter-4 rats -Light micrographs of the outer retina at ages ranging from P14 (A) to P120 (E, G). Ages given on the micrographs. All micrographs are taken from the superior posterior to equatorial regions of the eyes, except G and H, which are from the inferior posterior hemisphere in the same retinal sections as D and E, respectively. At P14, the ONL is the same thickness as SD controls, although pyknotic nuclei (arrows) are more common than in SD retinas. As PR nuclei are lost, the ONL thins by P21 (B) and P30 (C), and thereafter. The hemispheric asymmetry in rate of PR degeneration is most marked in this S334ter-4 line than in all the rhodopsin Tg lines, with the superior hemisphere degenerating much more rapidly than the inferior hemisphere, as evident in (D) and (G) at P60. The ROSs (os) are as long as those in SD retinas at P15, P21, P30 and P60 (A-C, G), but they show some irregular and vesicular profiles and appear slightly frothy in some cases, with alternating ROS and pale spaces parallel to them. Phagosomes are present within the RPE cell bodies and processes (F, G). (H) Presumptive migrating and phagocytic microglia are shown at arrowheads in the ONL and the interphotoreceptor space (IPS). c, cone cell nucleus; pep, RPE cell processes; p, phagosomes; r, rod cell nucleus. Magnification bar = 20 μm. (Fig. 10F) and thereafter ( Fig. 10G-H) . The rapid elimination of the dying PR nuclei appears to occur in two ways. First, there is a massive invasion of the ONL by presumptive microglial cells that have a pale nuclear euchromatin with a peripheral rim of heterochromatin, often with a prominent nucleolus (Fig. 10B-F) . Invasion of such phagocytic cells is typical of many RD models (see Discussion). These cells are also seen in the IPS (Fig. 10E) , and some can be seen apparently penetrating the outer limiting membrane from the ONL (Fig. 10B, F) . Second, the RPE cells appear to phagocytize many pyknotic nuclei that are located in the IPS (Fig. 10D,  J, K) .
The S334ter-7 line shows the same hemispheric differences as seen in the P23H lines. For example, the RD has a faster rate of degeneration in the superior hemisphere than in the inferior hemisphere as seen at P8 (Fig. 10D, I ), P10 (Fig. 10E, J) and P12 (Fig. 10F, K) . Likewise, a cluster of PRs, both rods and cones, persists for a time at the ora serrata (Fig. 10L ) after most PRs have degenerated and disappeared in most of the retina. A very few scattered PR nuclei persist for up to one year of age. When PR ISs and OSs have disappeared, this layer is filled with RPE cell processes (Fig. 10G, K) .
As noted by Pennesi et al. (2008) , the rapidly degenerating S334ter-7 line shows aborted vascular development and no neovascularization of the RPE.
S334ter-3
The S334ter-3 line is the second fastest Tg rhodopsin mutant, PR with degeneration beginning at about P8 (Fig. 11B) , and with the ONL reduced to less than a single row of PR nuclei by P20 in the superior posterior hemisphere (Fig. 11F) ; at this age a complete row of PR nuclei persists in the inferior posterior retina (Fig. 11H) . Thereafter, only a few scattered PRs are found in the S334ter-3 retinas (Fig. 11G) . This rate is similar to the widely studied rd1 mouse .
The features of the RD in the S334ter-3 line are almost identical with those of the fastest S334ter-7 line, albeit about 2-8 days later (Table 2 ). For example, displaced PRs in the subretinal space are first found at P8 in the S334ter-3 retinas (Fig. 11B ), compared to P6 in the faster S334ter-7 line (Fig. 10B ). This was first described by Liu et al., as was the preponderance of pyknotic nuclei in the ONL being located at the innermost part of the layer (Fig. 11C) (Liu et al., 1999) . The loss of PR nuclei in the ONL is first significantly see at P10 (P < 0.05; Table 2 ). The development of PR ISs between P6-P10 ( Fig. 11A-C) is slightly greater than in S334ter-7 retinas ( Fig. 10A-E) , but is still less than those in the SD or P23H-1 (Fig. 7A) lines. The ISs in S334ter-3 retinas are shorter at P10 than at earlier ages and are almost missing by P12 (Fig. 11A-D) . Like the S334ter-7 line, no PR OSs are evident in the S334ter-3 retinas ( Fig. 11A-E) . Similarly, the earliest age where an absence of PRs is seen in the ONL is at P20 in the S334ter-3 line (Fig. 11F ), compared to P12 in the faster S334ter-7 line (Fig. 10F) . Otherwise, most features are similar, including there being a cluster of PR nuclei at the ora serrata at P20 (not shown).
A consequence of a somewhat slower degeneration than that in line S334ter-7 is that there are fewer dying cells at any given time. The result is that somewhat fewer displaced PRs (Fig. 11B-E) , pyknotic PR nuclei in the innermost ONL (Fig. 11B-D) , and invading phagocytic cells ( Fig. 11C and D ) are seen at any given age than in the faster S334ter-7 line (Fig. 10) .
The developing rod ISs are approximately the same length as normal at P6, but not thereafter in the S334ter-3 line; they are about the same length only through P4 in the faster S334ter-7 line. In neither of these early onset RDs are any ROS membranes generated (confirmed by electron microscopy at P8-P10; Table 4 ).
S334ter-5
The S334ter-5 line is another early onset RD, but with a somewhat different character than the two fastest lines. The overall RD time course is approximately P8-P90 (Fig. 1B) . At P6 (Fig. 12A) , the retina is indistinguishable from WT (Fig. 6A ). At P8 (Fig. 12B), P10 (Fig. 12C ) and P12 (12D), there is an increasing abundance of displaced immature PRs in the IPS, but a significant number of pyknotic nuclei in the ONL are not present until P12 (Fig. 12D) , when the ONL is significantly reduced in thickness from that of WT controls (P < 0.005; Table 2 ).
The ONL is thinner at P15 (Fig. 12E ) than at P12 (Fig. 12D) , and it becomes even thinner at P30 (Fig. 12F) , reaching less than a full single row of PR nuclei by P90 (Fig. 4G) . As indicated in the retinal spidergrams (Fig. 4F) , the hemispheric differences seen in the other lines are found in the S334ter-5 line, with the ONL being thinner in the superior (Fig. 12E ) than the inferior (Fig. 12H) hemisphere at any given age. A cluster of rod and cone nuclei persists at the ora serrata at P90 (not Above thick line, values are the total of 5172-μm contiguous fields (100× oil immersion objective lens), or a total of approximately 860 μm in each hemisphere, starting 440 μm from the optic nerve head and moving peripherally. The rod and cone nuclei of the superior (Sup) and inferior (Inf) hemispheres were counted in the same eyes. One retinal section from each animal was counted, and the number of animals (sections) is given as N; the % cones is the mean of each 860-μm, and S.D of the mean is given where 3 or 4 sections were counted. Below the thick line, in retinas where many fewer PR cells were present, we counted all of the cells in the retinal section, tabulating the Sup and Inf hemispheres separately. Any cells that had non-typical cone nuclear structure were omitted from the counts, as they may have been invading cells. The rod and cone counts in the two methods of measurements can be directly approximated as follows: for those shown above the thick line, the length of retina in each of the Sup and Inf counts is 860 μm; thus, multiplying that sum by 4.42 will result in the number of cells in a 3800-μm retinal hemisphere (the approximate length of the entire retinal hemisphere), which is used in the measurements below the thick line. The number of cones in the Inf hemisphere In some instances (below the thick line) is greater than the number in the WT retinas, due in part to the cluster of surviving cells near the ora serrata that are not present in the counts above the thick line. a One of the 2 retinal sections had no cones in this hemisphere.
shown). A few scattered rod and cone nuclei are commonly present at 8 months of age, with only a few remaining at a year of age. A significant difference in the S334ter-5 line from the two more rapidly degenerating lines is that some PR OS membranes are generated in line S334ter-5 ( Fig. 12C-E, H ), but not as many as in the SD (Fig. 6B-D) , P23H-1 (Fig. 7A-D ) or P23H-3 (Fig. 8A-D) retinas. When viewed by electron microscopy at P12, P15 and P31, OSs were decidedly present, but in small fragments and much shorter than in SD retinas (data not shown).
S334ter-4
The development of the S334ter-4 retina is indistinguishable from that in WT rats through P12, as judged by light and electron microscopy, although a few more pyknotic nuclei are present in the ONL at P12 and later (Table 2 ). In the S334ter-4 retinas at P14-P16, when the PR OSs are being abundantly elaborated (Fig. 13A) , they are almost of the same length as those in WT SD rats (Fig. 6D) , and at P21 the OSs are even more regularly arranged, parallel to one another, and almost the same length at P21 in both the S334ter-4 and SD animals ( Fig. 13A and B and 6E, respectively). However, from about P14 onward, the OSs are somewhat more irregular in diameter and uniformity, with some appearing slightly frothy (Fig. 13A-C) , particularly near the junction of the inner and OSs and in the inner half of the OSs (Fig. 13B) . In some cases, where the OSs were fairly regular in shape, the IPS between them was pale-staining and prominent (Fig. 13C, G) .
With the loss of PR nuclei, the ONL is thinner than in normal SD rats beginning at P21 (P < 0.05; Table 2), being reduced to a single continuous row of PR nuclei by P120 (Table 2 ; Fig. 13E ). Thereafter, a few scattered PR nuclei are seen (Fig. 13F) , and hypertrophied Müller cell processes are seen crossing the inner plexiform layer in these and other late-stage Tg retinas ( Table 2) .
As noted above, the S334ter-4 line displays the greatest superiorinferior asymmetry in ONL thickness (Figs. 4G and 5) . This is shown at P60 (Fig. 13D, H) and P120 (Fig. 13E, G) . The difference is large enough that differences in rhodopsin content in the superior and inferior hemispheres can be measured in vivo by fundus reflectometry (Jiang and Laties, personal communication).
S334ter-9
Line S334ter-9 displays the slowest RD of all the Tg lines (Fig. 1B) . It is indistinguishable from SD WT retinas at all ages (e.g., Fig. 14A ) up to P120 (Fig. 14B) , when the ONL is first thinner than normal (P < 0.05; Table 2 ), although the PR inner and OSs appear no different from normal. Thereafter, as the animals age, more pyknotic nuclei are seen (Fig. 14C ) and the ONL slowly becomes thinner and OSs concomitantly become shorter (Fig. 14D) . By one year of age, the ONL is still about 75% of normal. The ROSs in S334ter Line 9 appear normal, and the inner and OS zone does not show vacuolization or appear frothy, as in the other S334ter lines where ROSs are seen (Lines 5 and 4).
Electron microscopic examination: similarities and differences in P23H and S334ter Tg lines
Several structural similarities and differences between P23H and S334ter Tg retinas as seen by light microscopy and in the probable differences in mechanisms of mutant gene action led us to examine the Tg lines at a number of different ages by transmission electron microscopy (Table 4) .
Rod outer segment integrity
As seen by light microscopy, the S334ter-4 line appeared to have pale-staining, vertical spaces alongside the ROSs at most ages where the OSs were present (Fig. 13B, C, G) . By electron microscopy, the palestaining spaces were abundant, and many were filled with small vesicles (Fig. 15B) . In some fields, these extended most of the length of the OSs (data not shown).
The retinas of S334ter-9 rats appear normal by light microscopy, at least up to P120, and near normal thereafter. Electron microscopy of the S334ter-9 retinas at P30 confirmed that most ROSs have normal structure (Fig. 16A, C) . However, a few OSs showed some irregularities in diameter and slightly disorganized regions where the disks were not fully compacted (Fig. 16A ).
Accumulation of submicron vesicles in the IPS and its relation to different mechanisms of PR cell death in the two mutations
In P347S transgenic mice, Li et al. (1996) . observed the accumulation of submicron-sized rhodopsin-containing vesicles in the extracellular (interphotoreceptor) space in the vicinity of basal OSs and apical ISs. They suggested these vesicles resulted from a defect in the vectorial transport of post-Golgi vesicles to the nascent OS discs. Others have found a similar observation in mutant animals with defects in the C-terminus of rhodopsin (see Discussion), so we examined many ages of WT SD and the Tg lines of rats for the presence of these vesicles.
As noted in Table 4 , none of the vesicles were found in normal SD or P23H mutant retinas. Examples of these are illustrated in Fig. 15A and D and 15C and F, respectively. In the S334ter retinas, none were found in the very rapid and early onset degenerating S334ter-7 and S334ter-5 lines, but some were present in the S334ter-4 ( Fig. 15B and E) and S334ter-5 lines (Table 4 ). The accumulation of these vesicles was highest during the period of greatest PR degeneration (cf. Table 4 and Fig. 1 ) and was not present in the earliest period of OS development (P10-P12, see Fig. 6 ) or after most PR OSs had disappeared (Table 4 ). In Table 4 Ages of retinas examined by electron microscopy and incidence of extracellular vesicles in the interphotoreceptor space.
, not examined by electron microscopy. For each age studied, the observations are based on examination of 6-15 electron micrographs. Ages examined and incidence of vesicles in the interphotoreceptor space: 0, none; +, few vesicles (4-7/mμ 2 ), approximately 1/3 the maximal density; ++, significant number of vesicles (8-11/mμ 2 ), approximately 2/3 the maximal density; +++, many vesicles (12-20/mμ 2 ), maximal density (e.g., S334ter-4 at P21, Fig. 15B and E; S334ter-9 homozygote at P32, Fig. 16B and D).
a Where 3-4 rows of photoreceptor nuclei existed, a few vesicles were present between the inner segments; none were found where only 1-2 rows of photoreceptor nuclei were present. Experimental Eye Research 167 (2018) 56-90 the S334ter-4 line, the vesicles can be seen in electron micrographs in the IPS in two previous studies (Green et al., 2000; Lau et al., 2000) . The S334ter-9 hemizygote line with lowest mutant rhodopsin expression did not show any extracellular vesicles in the ages examined (Table 1 ; Fig. 16A and C) . Since the homozygous S334ter-9 rats displayed a much faster rate of degeneration than the hemizygous animals ( Fig. 2H) , we examined homozygous animals at one age. The retinas showed maximal accumulation of vesicles in the degenerating retina (Table 1 ; Fig. 16B and D) , similar to those seen in the S334ter-4 line ( Fig. 15B and E) .
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Structural relationship between RPE cell and retinal Müller cell processes
By light microscopy, the apical processes of RPE cells of normal rats that interact with the tips of the rod OSs and are involved in phagocytosis of shed packets of OS disks, are seen as a pale-staining area at the apex of the RPE cells (LaVail, 1976a) , as shown in SD retinas between P30-P90 (Fig. 6G-I) . In all of the Tg lines where there is loss of most or all of the PRs (i.e., other than P23H-2 and S334ter-9), the region of the RPE cell processes is much more prominent than in WT retinas. This can be found when the ONL is reduced to 2-3 rows of PR nuclei in the ONL, typically with few or no ISs (Figs. 7F, 10G and 12F ), but more often when PR nuclei were totally missing, or nearly so (Figs. 7G and 8G & K, 10H, 11F & G, 12G, 13E) .
By electron microscopy, it can be seen that when several rows of PR nuclei and short inner and OSs are present, the RPE cell process region consists only of RPE cell microvillous processes, as well as some OS membranes in the process of being ingested ( Fig. 17A; P23H-1 P120) . Where there are no PR nuclei and no inner or OSs, the RPE cell processes are apposed to the degenerated retina. In this case, the many electron-lucent RPE cell processes are interdigitated with more electron-dense Müller cell villous processes ( Fig. 17B ; S334ter-4 P120), which extend from the glial seal (Jones et al., 2003) at the outer border of the neural retina. In both cases, the determinant appeared to be the state of degeneration of the retina. For example, in the case where some PRs are present, virtually the same image seen in the P23H-1 retina at Fig. 15 . Transmission electron micrographs of the outer retina of SD (A and D), S334ter-4 (B and E) and P23H-3 (C and F) at the age of P21. The upper row is at low magnification and the lower row is at higher magnification. In the S334ter-4 retina, many small extracellular vesicles (arrows) are present in the interphotoreceptor space (IPS) in the basal region of the OSs (OS) and apical region of the ISs (IS). These are absent in the SD (A and D) and P23H-3 (C and F) retinas. cc, connecting cilium; RPE, retinal pigment epithelium. Magnification bars = 5 μm in A-C; 2 μm in D-F, with E at a slightly higher magnification than A and F.
M.M. LaVail et al.
Experimental Eye Research 167 (2018) 56-90 P120 (Fig. 17A ) can be observed in the faster degenerating S334ter-5 retina at P30 (not shown). Likewise, virtually the same image with Müller cell processes interdigitating with RPE cell processes as seen in the S334ter-4 retina at P120 (Fig. 17B ) can be observed in the faster degenerating S334ter-3 retina at P30 and the more slowly degenerating P23H-3 retina at P365 (not shown). The presence of abundant RPE cell processes in all of the Tg rat lines that lose most PR cells is sometimes present across much of the retinal hemisphere. This is in contrast to the late stages of most other RD models, in which there are generally only short intervals with the abundant RPE cell processes, such as in rd1 (Karli et al., 1965) , pcd and nr (White et al., 1993) mice and the RCS rat .
Electrophysiological assessment of photoreceptor degeneration in the Tg lines
The ERG has been the most widely used measure of RD in the Tg rats, as shown in Table 5 . The reason for this is that not only does the ERG give a measure of retinal function, measured as the rod-dominated (a-wave), cone (photopic b-wave) and post-receptoral activity (bwave), but it also is a non-invasive measure that can be done repeatedly Fig. 16 . Transmission electron micrographs of the outer retina of a S334ter-9 hemizygote (A and C) and a S334ter-9 homozygote (Hz; B and D) at P30 and P32, respectively. The upper row is at low magnification and the lower row is at higher magnification. The hemizygote appears almost normal, except for a few irregularities in diameter and slightly disorganized regions (d) of the OSs where the disks are not fully compacted (A, compare to SD WT, Fig. 15A ). The hemizygote shows no extracellular vesicles (A and C), but the homozygote (B and D) has many vesicles (arrows) in the interphotoreceptor space, and the outer retina is significantly more disorganized and degenerated. cc, connecting cilium; RPE, retinal pigment epithelium. Magnification bars = 5 μm in A and B; 2 μm in C and D.
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Experimental Eye Research 167 (2018) in a given animal to follow the course of a RD. For this reason, it is widely used in experimental therapeutic studies (Table 5) . We and others have published extensively on the retinal function of most of the Tg rat lines (Table 5) , so we limit the presentation in this work to the amplitudes of the light responses to saturating (or near saturating) stimulus intensities at a number of ages (Fig. 2) and the recovery kinetics following a flash of light in the S334ter-9 line (Fig. 18) , which have not yet been described. The P23H lines have been examined more extensively than the S334ter lines, and the most detailed single study has been by Machida et al. (2000) . Other studies with comprehensive ERG analysis of P23H lines (Chrysostomou et al., 2009a; Murray et al., 2015; Orhan et al., 2015; Wong et al., 2015) , including homozygous P23H rats Pinilla et al., 2005) , and S334ter line 4 (Kaldi et al., 2003; Leonard et al., 2007; Ranchon et al., 2003) , including homozygous S334ter-4 rats (Ozaki et al., 2013) , are among those in Table 5 . The general pattern of most of the lines is for the rod-dominated scotopic a-wave to decline earliest, followed by the scotopic b-wave, and then the photopic b-wave ( Fig. 2A-C and 2F-H) . The photopic b-wave is the same as that of control SD rats at least to P30 in the P23H-3 and P23H-2 lines (Fig. 2B-C) , and it stays the same to at least P120 in the S334ter-9 line (Fig. 2H) , the oldest we examined.
The extremely rapid RDs with no ROSs generated, lines S334ter-7 and S334ter-3, showed no responses to light (not shown in Fig. 2D-E) , as previously reported for the S334ter-3 line (Roddy et al., 2012) and the pigmented S334ter-7 line (McGill et al., 2012a) . The next fastest RD with very short ROSs, line S334ter-5, showed no scotopic a-wave or bwave responses, but did give measurable cone dominated photopic bwave responses (Fig. 2F) .
In all of the lines with ERG responses, the decline was relatively close to the decline in number of PRs (ONL thickness) ( Fig. 2A-C and 2F-G), except for line S334ter-9 (Fig. 2H ). S334ter-9 had a nearly normal ONL for most of the first year, yet the a-and b-waves declined as if the retina was degenerating. The cone-mediated photopic b-wave remained nearly normal in this line (Fig. 2H) . It should be noted that Chen et al. (1995) produced 5 Tg mouse lines using the same S334ter construct as in the present study, and 4 of the 5 lines expressed high amounts of S334ter rhodopsin, in which PRs degenerated rapidly, failing to make OSs. The one line with the least mutant rhodopsin expressed had a much slower PR degeneration, relatively similar to our Tg rat line S334ter-9. In their mouse line, they found that the rod-mediated scotopic a-wave had a significantly prolonged recovery period following the light stimulus (Chen et al., 1995) . In these mice, the intervals between the flash presentations (interstimulus interval, ISI) needed to be extended to up to several minutes to result in response amplitudes to reach their maximal size. Similar ISI effects were found in the S334ter-9 rats, but not in normal SD rats or in P23H-2 rats with slow degeneration comparable to that of S334ter-9, as shown in Fig. 18A-B .
The most significant consequence of the prolonged recovery phase in the S334ter-9 line was that with a decreasing ISI, the rod-mediated awave amplitude progressively decreased (see "a" in Fig. 18A ). This became so severe that it ultimately resulted in lower b-wave amplitudes, as well (see Fig. 18A , S334ter-9 at 30 and 10 s).
Lack of injury-induced protective response in the transgenic rat retinas
A prominent feature of RCS rat retinas and those of light-damaged SD rats is that retinal injury from injections of neuroprotective agents, PBS buffer, or even a dry needle, results in a transient local rescue of degenerating PRs (Faktorovich et al., 1990 (Faktorovich et al., , 1992 . This is seen as a thickening of the ONL as the injection site is approached. This increased thickness of the ONL at or near the injection site can sometimes confound results based on ONL thickness. Thus, we have asked whether the same phenomenon occurs in the rhodopsin Tg rat retinas.
In more than 1000 experiments where we injected intravitreally either PBS buffer, CNTF, bFGF, BDNF, LIF, or NT-3 into each of the Tg lines, except the two slowest-degenerating lines, P23H-2 and S334ter-9, we found 26 clear injection sites (e.g., Fig. 19A and B) . The rats were mostly P8-P16 at the time of injection into the eye through the far peripheral superior retina, with a few as old as P45. The eyes were taken mostly at the ages of P28-P59, with a few as old as P130. Thus, postinjection intervals were mostly 15-40 d, but some were as long as 115 d. Each of the 26 injection sites showed a thinning of the ONL as the injection site was approached (asterisks in Fig. 19A and B) , the opposite of that seen in RCS rats and in light-damaged retinas (Faktorovich et al., 1990 (Faktorovich et al., , 1992 .
The reason for the difference between the injury response in RCS rats and light-damaged retinas and the lack of one in the rhodopsin Tg retinas is not fully understood. On the one hand, injury-induced gene expression of many protective molecules in SD rats is minimal at early postnatal ages, but increases with age and peaks at P60-P90 (Cao et al., 2001) . Most experimental injections in the Tg rats are made earlier than this age, so they might not be expected to produce an injury-induced response. On the other hand, many injections in the RCS rat have been made at about P20-P25 (Faktorovich et al., 1990) , when an injury-induced protective response would not be expected in a developing rat retina (Cao et al., 2001) . (Anderson et al., 2002; Caminos et al., 2015; Farinelli et al., 2013; Lee et al., 2003; Orhan et al., 2015; Stiles et al., 2016; Traverso et al., 2002) P23H-3: (Lee et al., 2003; Martin et al., 2005; Traverso et al., 2002) ; Hz: (Acosta et al., 2010; Anderson et al., 2002; Bicknell et al., 2002; Fernandez-Sanchez et al., 2015a Jayaram et al., 2014; Machida et al., 2000; Machida et al., 2008; Murray et al., 2015; Orhan et al., 2015; Pinilla et al., 2005; Stiles et al., 2016; Vasireddy et al., 2011; Wong et al., 2015; Yang et al., 2009; Yang et al., 2010b) ; Pig: Rahmani et al., 2013; Segura et al., 2015; Viringipurampeer et al., 2016) ; Hz: (Cuenca et al., 2004; Parfitt et al., 2014; Pinilla et al., 2005) P23H-3: Chrysostomou et al., 2008; Chrysostomou et al., 2009a; Chrysostomou et al., 2009b; Gorbatyuk et al., 2007; Gorbatyuk et al., 2010; Jozwick et al., 2006; Kaldi et al., 2003; LaVail et al., 2000; Leonard et al., 2007; Lewin et al., 1998; Machida et al., 2000; Ranchon et al., 2003; Valter et al., 2009) Experimental Eye Research 167 (2018) 56-90 3. Discussion
PR cell death: rates and mechanisms
The P23H and S334ter Tg lines described here show a wide range of PR cell death and disappearance (Fig. 1) . The overall rate of cell death is proportional to the relative amount of the mutant to WT rhodopsin (Table 1) , the greater the Tg rhodopsin, the faster the pace of PR degeneration. In all of the lines that show a frank PR degeneration (all except P23H-2 and particularly S334ter-9), the rate of degeneration appears to be biphasic, with a rapid early phase and a much slower late phase (Figs. 1 and 2) . Remarkably, the early rapid phase appears to be similar in all of these lines, at least up to about P20-P30, whereas the slower late phase varies widely among the lines. A similar biphasic rate of degeneration is seen in P23H knock-in mice (Chiang et al., 2015; Sakami et al., 2014) .
The initial rapid phase of PR cell death and loss coincides with the abundance of DNA fragmentation detected TUNEL staining in all examined lines, suggesting apoptosis as the major early mechanism of degeneration. For example, the rapidly degenerating S334ter-3 line shows a peak in TUNEL staining at about P12 (Kaur et al., 2011; Liu et al., 1999) , when PRs are rapidly degenerating (Fig. 1B) . Likewise, the slightly slower degenerating in the S334ter-5 line (Fig. 1B) has a peak of TUNEL-labeled PR nuclei at about P17. The more slowly degenerating Neuroprotective agents P23H-1: (Froger et al., 2012; Ohguro, 2008; Vasireddy et al., 2011; Yang et al., 2009) ; Hz: (Parfitt et al., 2014 ) P23H-3: Hz: (Fernandez-Sanchez et al., 2012a Fernandez-Sanchez et al., 2012b; Fernandez-Sanchez et al., 2015b; Fernandez-Sanchez et al., 2011; Parfitt et al., 2014) S334ter-3: (Dykens et al., 2004; Ohguro, 2008; Roddy et al., 2012; Song et al., 2003; Tao et al., 2002; Wen et al., 2012; Xia et al., 2011) ; Pig: (Seiler et al., 2008a; Vargas et al., 2017; Yang et al., 2010b (Qiu et al., 2005; Sagdullaev et al., 2003; Seiler et al., 2010a; Seiler et al., 2012; Seiler et al., 2017; Seiler et al., 2010b; Seiler et al., 2005; Seiler et al., 2008a; Seiler et al., 2008b; Thomas et al., 2006; Yang et al., 2010a) S334ter-5: (Qiu et al., 2005) ; Pig: Thomas et al., 2004a (Ablonczy et al., 2000; Bicknell et al., 2002; Duncan et al., 2006; Organisciak et al., 2006; Organisciak et al., 2003; Ranchon et al., 2003; Vaughan et al., 2003; Yu et al., 2007) P23H-2: Organisciak et al., 2003; Vaughan et al., 2003) S334ter-3: (Thomas et al., 2007b) S334ter-4: Organisciak et al., 2003; Ranchon et al., 2003; Vaughan et al., 2003) S334ter-9: Organisciak et al., 2003; Vaughan et al., 2003) Light management of RD P23H-3: (Nir et al., 2001; Valter et al., 2008 Valter et al., , 2009 Walsh et al., 2004 ) Gene dosage P23H-1: (Pinilla et al., 2005 ) Broad reviews of cell death and therapeutic approaches Stone et al., 1999 ) Reviews of specific areas (Leveillard et al., 2014; Lin and LaVail, 2010; Wen et al., 2012; Yu and Cringle, 2005) Immune modification of line S334ter-3: Pig: (Seiler et al., 2014; Seiler et al., 2017 ) Hearing deficit P23H-1: (Sotoca et al., 2014) Hz, Homozygous. Pig, Pigmented. Experimental Eye Research 167 (2018) 56-90 P23H lines, despite their overall slower loss of PR cells, show a similar very early rate of degeneration up to about P30 (Fig. 1A) , and the peak of TUNEL-labeled PRs in the P23H-1 line is at P15-P18 (Kaur et al., 2011; Lee et al., 2003) , and the peak in the slower P23H-3 line is at about P20 (Lee et al., 2003; Yu et al., 2004) . There is evidence, however, for non-apoptotic cell death in some of these lines (ArangoGonzalez et al., 2014; Farinelli et al., 2014; Kaur et al., 2011) . Although we and other investigators assume the early phase of rod PR cell death in the Tg rats is a cell autonomous event (Bakondi et al., 2016) , it should be noted that other potentially related events occur at or near the early peak of cell death; for example, in the S334ter-3 line caspase-3-like activity and activated caspase-3 are present at the peak of degeneration (Liu et al., 1999) . In addition, invading presumptive microglia are seen in the ONL at or preceding the peak of cell death in the rapid degenerations that may influence PR cell death (Discussed below). This is complicated by the normally developing hypoxic state in the rat between P15-P22 (Maslim et al., 1997) . Importantly, in most of the TUNEL studies, the incidence of labeled dying PR cells after the peak drops almost as rapidly as the rise to the peak (Kaur et al., 2011; Lee et al., 2003; Liu et al., 1999; Yu et al., 2004) . This suggests that the slower, later phase of cell death is due to, at least in part, on cellular mechanisms other than apoptosis. The rapidly degenerating lines, S334ter-7, S334ter-3 and S334ter-5, probably succumb to the overexpression of rhodopsin (Fig. 2) (Roddy et al., 2012) , despite the absence of RR OSs in the S334ter-7 and S334ter-3 lines. This would be consistent with the much greater proportion of mutant rhodopsin than in the other lines (Table 1) , as well as the total eye rhodopsin being extremely high soon after the onset of rhodopsin expression (Treisman et al., 1988) in the S334ter-7 and S334ter-5 lines (not measured in S334ter-3) ( Fig. 2D and F) . The overexpression of rhodopsin also correlates with the displacement of PR nuclei into the IPS seen in these 3 lines (Figs. 10-12 ). The mechanism of this mislocalization of PR nuclei remains to be determined.
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The early onset and rapid pace of degeneration in the S334ter-7 and S334ter-3 lines shows an apparent developmental regulation of rod PR cell death. The abundance of pyknotic nuclei is in the innermost ONL Fig. 18. (A) Representative recordings of scotopic ERG responses from P90 SD, P23H-2 and S334ter-9 rats. The responses are from flashes of 1.9 log cd-s/m2 presented in darkness with different intervals between stimulus presentations (the interstimulus interval, ISI). At ISI intervals of 1 and 2 min, the downward going scotopic a-wave was similar in all three lines. However, when the ISI was shortened, the a-wave became progressively reduced ("a" at 30 and 10 s) in the S334ter-9 line, but not in the SD or P23H-2 lines. (B) Amplitudes of the a-wave as a function of ISI. The values represent the mean ± SEM of 3-4 rats of each line.
(Figs. 10 and 11) , and the highest incidence of TUNEL labeling (Liu et al., 1999) and DNA hypermethylation co-localize there. Likewise, the highest incidence of TUNEL labeling in the ONL of S334ter-5 rats is in the innermost part of the layer, albeit at a slightly lower incidence and later time than in the somewhat faster S334ter-3 line (Martinez-Navarrete et al., 2011) . The earliest generated PRs are ultimately localized in the innermost ONL (Carter-Dawson and LaVail, 1979b; Ilia and Jeffery, 2000; Sidman, 1961; Young, 1985) . This first appearance of pyknotic PR nuclei in the innermost ONL is also seen in heterozygous and homozygous P23H knock-in mice (Chiang et al., 2015) and in I-255/256 rhodopsin mice with a 3 bp deletion (Penn et al., 2000) . Thus, the earliest-generated rod PRs are the first to degenerate.
The slow phase of PR degeneration is almost certainly complex, with numerous extrinsic or epigenetic factors involved. For example, Pennesi et al. (2008) . determined in the 8 Tg rat lines that early loss of PRs had a profound effect on the vascularization of the outer retina that was proportional to the rate of PR cell loss. This, in turn, has further consequences and creates a much thinner outer retinal structure, which results in a hyperoxic state that has been implicated in further PR cell loss and metabolic changes of the retina that follow (Yu et al., 2004; Yu and Cringle, 2005) . Numerous studies have demonstrated other changes in degenerating PRs and in the retina that may play a role in the slow phase of RD, including changes in the expression of autophagy proteins, Bcl2 family of proteins and the mTOR/AKT pathways (Sizova et al., 2014) ; oxidative stress ; hyperoxic environment (Yu et al., 2004) ; activation of the unfolded protein response (Kroeger et al., 2012; Lin et al., 2007) ; DNA hypermethylation ; environmental light regimen and intensity Valter et al., 2009; Walsh et al., 2004) , seen also in VPP (P23H) mice (Naash et al., 1996a; Wang et al., 1997) ; endogenous upregulation of protective factors, such as CNTF, FGF-2 and FGF-2/ FGFR1 (Yu et al., 2004) ; Müller cell and astrocyte reactive responses (Fernandez-Sanchez et al., 2015a) ; microglial activation and invasion (see below); microglial interactions with Müller cells (Bringmann et al., 2006; Harada et al., 2002; Zhu et al., 2013a) ; genetic modifier genes (Naash et al., 1996b) ; and other factors (Reviewed by Cuenca et al., 2014) . Thus, there are many changes in the retinal environment that may influence PR degeneration after the peak of early cell death.
Numerous other studies of PR cell death mechanisms have been carried out with the Tg rats. For example, it has been found that misregulation of rhodopsin phosphorylation may be involved as an important step in RD of P23H-2 rats, and the Ca 2+ channel blocker, nilvadipine, had a protective effect in this line (Saito et al., 2008) ; however, D-cis-Diltiazem did not have a protective effect in P23H-1 rats . A relationship between mitochondrial DNA damage and PR cell death has been found in P23H-3 rats (Bravo-Nuevo et al., 2007) , and that mitochondrial μ-calpain and the AIF pathway may be involved in PR degeneration in homozygous P23H-2 and S334ter-4 rats (Ozaki et al., 2013) . Most recently, it has been reported that in P23H-1 rats, rod PRs die by necroptosis via an RIP1/RIP3/DRP1 mechanism, whereas genetically normal cone PRs die via NLRP3 inflammasome activation (Viringipurampeer et al., 2016) .
Cone PR loss in the rhodopsin Tg rats
In retinitis pigmentosa, rod PR degeneration precedes cone PR degeneration in most cases (Milam et al., 1998) , and more so in models with rhodopsin mutations. This is clearly seen in each of the Tg lines, as shown in Table 3 . The question of why cone PRs die, even though mutant rhodopsin is expressed only in rod PRs, has been the subject of important study and debate. These include the reduction of rod-derived cone viability factors, oxidative stress, elevated oxygen status with the loss of rods, release of cytotoxic agents by invading microglia or degenerating rods, activation of the NLRP3 inflammasome, and nutrient deprivation and metabolic dysregulation of the cones (Campochiaro, 2007; Cuenca et al., 2014; Leveillard et al., 2014; Punzo et al., 2009 Punzo et al., , 2012 Sahel, 2005; Stone et al., 1999; Viringipurampeer et al., 2016; Yu et al., 2004; Yu and Cringle, 2005) . These proposed mechanisms of cone cell death are not mutually exclusive. In fact, each of them can be supported by experimental studies in animal models. Most of them support an indirect or direct relationship to rod cell loss, as do our data on survival of substantial numbers of cones following the death of most rods (Table 3) . Indeed, the slower degenerating lines, e.g., P23H-1, P23H-3 and S334ter-4 that have a larger complement of surviving rods, particularly in the inferior hemisphere, have a higher percentage of surviving cones. Chrysostomou et al. (2009a) have reported that in dim light 100% of cones survive for the life of the animal in P23H-3 rats. Similarly, in pigmented P23H-1 rats, cone function was normal and did not change until the thickness of the ONL was reduced by 75% (Lu et al., 2013) . Clearly, there is a relationship of rod degeneration to cone degeneration (Chrysostomou et al., 2008 (Chrysostomou et al., , 2009a (Chrysostomou et al., , 2009b . Nevertheless, it must be recognized that in longstanding cases of retinitis pigmentosa, some cones persist in the apparent absence of rods.
The use of various histochemical and immunohistochemical methods, particularly using retinal wholemounts, has uncovered a remarkable spatiotemporal phenotype in the rapidly degenerating S334ter-3 Tg line. That is the formation of "cone rings" as a result of outer retina remodeling following massive rod cell death. It is thought by most that hot spots of rod cell death combined with a later cone cell migration lead to the orderly mosaic of "cone rings" (Ji et al., 2012 (Ji et al., , 2014 Lee et al., 2011; Li et al., 2010; Zhu et al., 2013a) . Müller cell interactions likely maintain the cones in ring orientation as shown experimentally by transiently blocking Müller cell metabolism with alphaaminoadipic-acid (AAA) . Similarly, suppression of the adherens-junction protein, Zonula occludens-1 (ZO-1) with AAA and by using siRNA to inhibit ZO-1 expression both transiently disrupt the cone rings.
In these studies, several questions are raised that can be explained by our current work, or with which our findings are consistent. The degeneration in Tg rats has been considered to follow the same rate in superior and inferior hemispheres . In wholemounts of S334ter-3 retinas, the number and size of cone rings increase more quickly in the superior hemisphere than in the inferior (Ji et al., 2014) . We demonstrate that in all of the Tg lines, the rate of degeneration in the superior hemisphere is greater than in the inferior 
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Experimental Eye Research 167 (2018) 56-90 hemisphere (Fig. 4 and Table 3 ). This is also consistent with the presumption that the increase in size and number of cone rings is a result of rod cell death and rearrangement of cones. The second feature of the S334ter-3 studies is that despite the rapid, massive rod cell death, cones were found to persist with little (Hombrebueno et al., 2010; Li et al., 2010) or no (Ji et al., 2012) cell death for 80-180 days. It is significant that although the cone PRs lose their OSs at very early stages (Hombrebueno et al., 2010) , their OSs can be stimulated to regenerate with the application of two members of the IL-6 family of cytokines, CNTF (Li et al., 2010) or oncostatin M (Xia et al., 2011) . In our present study, we confirm that cones survive for an extended period in the S334ter-3 line (and others). For example, at P63, when less than 1% of rods survive, almost 80% of cones are still present (Table 3) .
In the lone study where cone rings were sought in slower degenerating P23H-1 rats, it was found that the formation of cone rings also occurs. They were first seen at a somewhat later time, after P30 and by P90 (Garcia-Ayuso et al., 2013) , than in the much faster S334ter-3 degeneration, where they are detectible by P10-P20 (Ji et al., 2012; Li et al., 2010; Zhu et al., 2013a) . In the P23H-1 retina, the cone rings are much larger in the superior hemisphere than in the inferior hemisphere, just as in the S334ter-3 line. It remains to be determined whether the formation of cone rings is a common pathologic process in other RD models, which requires immunohistochemistry on retinal wholemounts for detection.
Invading microglia in the outer retina of Tg rats
A potentially important modifier of both the rapid and slow phases of the RDs is the invasion of microglia into the ONL and IPS. Microglia are the major immunocompetent cells of the CNS, including the retina, which represent an acutely responsive, tissue-based system for scavenging viruses, bacteria, dead neurons and any cell debris (Glybina et al., 2010) . In addition to their phagocytic role, activated microglia often proliferate (Zeiss and Johnson, 2004) and release many toxic agents Langmann, 2007; Roque et al., 1999; Schwartz et al., 2006) , leading to death of neighboring cells in a bystander effect (Gupta et al., 2003) . However, some microglia may secrete protective molecules (Butovsky et al., 2005; Harada et al., 2002; Noailles et al., 2014; Polazzi and Monti, 2010; Schwartz et al., 2006) , so there has been an ongoing debate on the precise role of microglia (Reviewed by Cuenca et al., 2014) . What is known is that the activated microglia are found in virtually all RDs where they have been sought Harada et al., 2002; Langmann, 2007; Zabel et al., 2016; Zeiss and Johnson, 2004; Zhang et al., 2005) , including human retinas from patients with retinitis pigmentosa, late-onset RD and AMD (Gupta et al., 2003) . After the loss of PRs, these cells may persist in the retina and eye for the life of the animal with immune consequences (Noailles et al., 2016) .
The source of the microglia in the outer retina is also known, first from the pioneering work of Thanos (1992) , who axotomized retinal ganglion cells and injected a fluorescent dye into the region of the optic nerve stump in RCS rats with inherited retinal dystrophy. The dye was transported in retrograde direction to the ganglion cell bodies, and when the ganglion cells degenerated due to the axotomy, the resting microglia became activated and ingested the fluorescent dye along with retinal ganglion cell debris. These cells were then attracted to the ONL, where they phagocytized massive amounts of degenerating PR debris. The same result was obtained with light-induced RD using axotomy, fluorescent dye and a monoclonal antibody, 5D4, to identify microglia (Ng and Streilein, 2001) , providing further evidence that activated microglia in the inner retina migrate into the outer retina in response to damaged PRs.
Later, more specific antibodies to microglia were developed and they were used (primarily Iba-1) to demonstrate microglia immunohistochemcally in the Tg rats described in the present study.
These have been the S334ter-3 (Zhu et al., 2013a ), S334ter-4 (Glybina et al., 2010 McGill et al., 2012b) , P23H-1 (Di Pierdomenico et al., 2017) and P23H-3 (Noailles et al., 2014) lines. These studies illustrate two points about microglia that are consistent with our observations. First, microglia respond to degenerating cells rapidly, typically within 6-24 h (Glybina et al., 2010; Zhang et al., 2005) , and second, when the activating stimulus is eliminated, they quickly return to the resting state (Glybina et al., 2010; Zhang et al., 2005) . While we have not used immunohistochemistry, we have found invading cells in the ONL at times that precisely match these studies. In the rapidly degenerating S334ter-3 line, Zhu et al. (2013a) found that in wholemounts at P14 and P17, the holes in the surviving rod PR mosaic contained clusters of Iba-1-positive microglia, and these cells were gone by P21. We found invading cells with the nuclear characteristics of microglia to be abundant early, up through P15 in the ONL of S334ter-3 retinas, but only one such cell at P21 and none later (Fig. 11) . It should be noted that the very high contrast of immunohistochemistry, particularly in sections 5-10 μm in thickness, allows a much greater chance to see immunopositive cells than in 1-μm thick plastic sections. Thus, the frequent finding of such invading cells at P10 and P12 in our study indicates the probable very high density of such cells at these early stages. It should be noted that microglial cells also proliferate near the end of PR cell death, presumably to generate more phagocytic cells to clear the debris of dead and dying cells (Di Pierdomenico et al., 2017) .
In the rapidly degenerating line S334ter-7, we observed such invading cells in the ONL at P6, P7, P8, P10 and P12, but very few thereafter (Fig. 10) . In the somewhat slower degenerating S334ter-5 line, we found invading microglia also early in the degeneration at P12 and P15, but none thereafter (Table 2 ). Presumptive microglia have been shown with similar kinetics in P23H knock-in mice (Chiang et al., 2015) .
Accumulation of vesicular structures in the IPS of S334ter model
The S334ter lines carry a Class I mutation, which is thought to result in defective vectorial transport of rhodopsin from the PR IS Golgi apparatus to the PR OSs, and thus is considered a sorting defect. The P23H lines carry a Class II rhodopsin mutation, which results in abnormal folding of the newly formed rhodopsin molecule and its retention in the endoplasmic reticulum (See Introduction). The S334ter mutation results in the production of a truncated rhodopsin molecule missing the last 15 residues of the C-terminus (S334 to A348) (Chen et al., 1995) . The P347S transgenic mouse, with its defect in the C-terminus of rhodopsin, shows a remarkable accumulation of small (100-370 μm), membrane-bound, rhodopsin-containing vesicles in the IPS, primarily among the apical ISs and basal OSs (Li et al., 1996) . It was thought by Li et al. (1996) that this accumulation represented aberrant transport of mutant rhodopsin from the ISs to the nascent disc membranes of the OSs. Much research supports this notion. We have found numerous extracellular vesicles in several lines of S334ter rats (Table 4) , and evidence that PR cell death in the S334ter-4 line is due to rhodopsin mis-sorting has been found with immunogold labeling (Green et al., 2000) .
The phenotype of extracellular vesicle accumulation has been found in other RDs. These include the Q344ter mouse (Concepcion and Chen, 2010) , P347L transgenic rabbit (Kondo et al., 2009) ; rds mouse (Chakraborty et al., 2014; Cohen, 1983; Jansen and Sanyal, 1984) ; pcd mouse ; erd dog (Acland and Aguirre, 1987) ; tubby (rd5) mouse (Heckenlively et al., 1995) ; and the tulp1 −/− mouse (Hagstrom et al., 1999) . While the mechanism of PR cell death, or even the gene product in a few cases, is not known for each of these, the aberrant transport of rhodopsin has been suggested for each, or is plausible given the cytopathology. What is clear is that vesicle accumulation is not a general phenomenon for all RDs. Many mutants with gene defects other than those above (i.e., in the case of rhodopsin, gene defects located away from the C-terminal and near the N-terminal), do not show vesicle accumulation. These include the following rhodopsin mutants: P23H mouse (Olsson et al., 1992) ; VPP (P23H, V20G, P27L) mouse (Liu et al., 1997) ; rhodopsin knock-out mouse (Humphries et al., 1997) ; P23H knock-in mouse (Sakami et al., 2011 (Sakami et al., , 2014 ; K296E mouse (Li et al., 1996) ; T17M mouse (Hagstrom et al., 1999) ; G90D mouse ; and P23H rats (present study, Table 4 ). Moreover, no mis-sorting was seen in P23H transgenic rats (Green et al., 2000) . Several features of the vesicle accumulation are common to these mutants. In each case that has been studied, the vesicles have been shown to contain rhodopsin using immunogold labeling. These include the P347S mouse (Li et al., 1996) ; the rds mouse (Jansen et al., 1987; Nir and Papermaster, 1986; Usukura and Bok, 1987) ; and the pcd mouse (Blanks and Spee, 1992) . It is highly probable that the vesicles seen in the same region of the retina of other mutants also contain rhodopsin.
In all cases, the origin of the vesicles appears to be from budding or blebbing from the ISs (Acland and Aguirre, 1987; Hagstrom et al., 1999; Kondo et al., 2009) , or in some cases, protrusions from the ISs Blanks and Spee, 1992) . Most of the vesicles are ultimately extracellular, as confirmed by scanning electron microscopy (Blanks and Spee, 1992; Li et al., 1996) .
The various mutants also share an increased incidence of extracellular vesicles at or near the period of maximal PR cell death, where a time course was studied (Hagstrom et al., 1999; Li et al., 1996) . In the present study, vesicle accumulation was seen at the peak of cell death in the S334ter-4 and S334ter-5 lines (Table 4) . Likewise, mis-sorting in the S334ter-4 line was greatest at this age (Green et al., 2000) . Note that no vesicles were seen in the very rapid degenerations with early onset, lines S334ter-7 and S334ter-3; no OSs were present in these retinas, and the ISs showed early abortive changes. Presumably, the massive overexpression of mutant rhodopsin led to very early cell death before vectorial machinery and target OSs could be developed, or the energy to carry out this task was missing in these early-degenerating PR cells. Also, the extremely slowly degenerating S334ter-9 line that appeared almost normal showed no extracellular vesicles. Increasing the rate of degeneration by doubling the transgene complement, as in the S334ter-9 homozygote, did show an abundance of vesicles. A similar dose-dependency was found in homozygous P347S Tg mouse retinas (Li et al., 1996) .
In the two very slow RD mutants, rds and pcd, the incidence of vesicles peaked at early ages, then declined at later ages, with the peak density seen at P10-P20 in rds (Jansen and Sanyal, 1984; Usukura and Bok, 1987) and at approximately P25-P40 in pcd Blanks and Spee, 1992) . However, the rds and pcd retinas degenerate over the course of about a year. This apparent discrepancy can be understood, at least in part, by these RDs having rapid early rates of degeneration, with much slower rates thereafter (LaVail, 1981) . In pcd, for example, by P53, very few vesicles remained , and at that age, 50% of rod PRs had degenerated . The precise mechanisms of the two phases of PR cell death in the fasterdegenerating mutants are poorly understood. Presumably, the defective sorting of IS proteins to the OS is involved in PR cell death, but the exact molecular and cellular mechanisms, and how they relate to the phenotype, need to be resolved. It is likely they are complex (Fliesler et al., 1984; Grossman et al., 2011; Sammons and Gross, 2013) .
Practical considerations in selection of rat models for experimental studies
Before the construction of the Tg rats, two rat models were widely available and have contributed important insights and findings for vision science. These are the RCS rat and the light-induced model of PR cell death. The RCS rat has been and continues to be extremely valuable in many ways, but its PR degeneration is a non-cell-autonomous process, as the Mertk gene defect is expressed in the RPE cells (D'Cruz et al., 2000) resulting in a failure of OS membrane phagocytosis and subsequent PR cell death. There are, also, some human retinitis pigmentosa patients with defects in the Mertk gene (Gal et al., 2000; Thompson et al., 2002) . Likewise, light-induced degeneration has been extensively studied and has the real advantage of being able to control the intensity and exposure time components to produce a given degree of RD in a given period of time (Organisciak and Winkler, 1994; Wenzel et al., 2005) . Indeed, the model has been extremely useful to test the neuroprotective effects of various agents . However, it is now known that a number of neuroprotective agents are effective in the light-induced model, but not in some other naturally occurring or genetically modified rats (Kaldi et al., 2003; Machida et al., 2001; Ranchon et al., 2003) and mice (Grimm et al., 2004; LaVail et al., 1998 LaVail et al., , 2008 .
The Tg rats described here offer two different rhodopsin defects that are expressed in rod PRs resulting in an autonomous cell degeneration in the same SD background. Both of the P23H and S334ter models also offer a range of RD times of onset and overall rates of PR degeneration that can effectively be used to carry out many types of experiments. Obviously, if a given approach is specific to one type of mutation, that directs the use to one of the sets of lines. For instance, the P23H lines would be used if an approach attempts to modify mutant P23H alleles or knock down the P23H rhodopsin, such as the use of a P23H-directed ribozyme in either an allele-specific Lewin et al., 1998) or allele-independent (Gorbatyuk et al., 2007) approach, siRNA (Tessitore et al., 2006) or antisense oligonucleotide (Murray et al., 2015) . Moreover, these different rat models with mutations located at different ends of the rhodopsin molecule allow the comparison of the two.
While the Tg rat lines have been studied for many aspects of retinal biology (Table 5) , they were developed initially as therapeutic disease models. For this purpose, the key factors for choice of line(s) are the time (age) of initial rod cell degeneration and the pace of degeneration, as well as the expected effective life of the agent or procedure being tested. These are essential to establish the age of application and endpoints for the experiments. For example, the most widely used line for initially testing various neuroprotective agents has been the S334ter-3 line (Dykens et al., 2004; Roddy et al., 2012; Song et al., 2003; Xia et al., 2011) , with its early age of onset and rapid degeneration, and relative ease of intravitreal injection. For P23H therapeutic studies with neuroprotective agents, the most rapid P23H-1 line has been the most heavily used. However, for most neuroprotective agents with relatively short half-lives, the P23H (and slower S334ter) lines require some sort of sustained delivery, such as the use of encapsulated cell-based delivery of CNTF (Tao et al., 2002) or the use of AAV vectors to deliver various protective agents (Ali, 2012; Conlon et al., 2013; Liang et al., 2001; McGee Sanftner et al., 2001) . The use of AAV vectors requires careful consideration of age of onset and pace of PR degeneration, since the most widely used AAV-2 requires a 2-to several-week time for full gene expression of the neuroprotective agent (Bennett et al., 1997 (Bennett et al., , 1999 . There are, however, AAV of different serotypes and isoforms (and other vectors) that have a shorter time to achieve full gene expression (Byrne et al., 2015; Deng et al., 2012; Gorbatyuk et al., 2010; Kolstad et al., 2010; Leonard et al., 2007) , as well as different modes of delivery (Byrne et al., 2015) .
One of the principal findings of the present study is that the initiation of rod cell death (Table 2) begins earlier than one would expect from most published studies. For example, most studies using the S334ter-3 model have injected a therapeutic agent at about P8-P10 and have examined the retina at about P18-P20 (Dykens et al., 2004; Roddy et al., 2012) . Significant cell death has already begun by P10. So, it is reasonable to assume that if the protective agent had been (or could have been) applied earlier, a greater degree of protection might have been achieved.
An important consideration for choice of Tg line is the potential of the rate of degeneration to be modified by retinal irradiance, either by environmental light modification or by eye pigmentation. As in mice, mutation in the N-terminus of rhodopsin, such as the P23H animals, are significantly more sensitive to ambient illumination than those with mutations in the C-terminus. For example, P23H-2 and P23H-3 rats are more susceptible to light-induced damage than are S334ter-4 and S334ter-9 rats Vaughan et al., 2003) . Conversely, dark-rearing slows the RD in P23H rats, but not in S334ter-334 rats . On occasion, and before learning this, we were surprised at the relatively slower degeneration than expected in experiments with P23H-3 rats where the ambient illumination was lower than usual (LaVail, unpublished observations). Within the same mutation type, the line with the greater mutant rhodopsin expression (Table 1) shows greater light-induced degeneration Vaughan et al., 2003) . Similarly, the protective effect of lowering light exposure in VPP mice (in which P23H is one mutation) has been demonstrated (Naash et al., 1996a; Wang et al., 1997) .
The use of pigmented animals is beneficial for many experiments, particularly where visualization of the retina is needed (Lu et al., 2013) , such as in most transplantation studies, and is essential with most behavioral studies, such as measuring the optokinetic tracking of eyes (McGill et al., 2012a; Segura et al., 2015; Thomas et al., 2010) . Pigmented hemizygous Tg rats can easily be produced by crossing homozygous albino Tg rats on the Sprague-Dawley background to pigmented Long-Evans or Copenhagen rats, producing all pigmented hemizygous Tg animals. However, eye pigmentation slows the degeneration in P23H rats, but not in S334ter rats (Leonard et al., 2007; Lowe et al., 2005) . In the case of VPP mice, pigmentation slows the degeneration compared to age-matched albino animals (Naash et al., 1996b) .
Another consideration for experimental use of the Tg rats is gene dosage. We have encouraged the use of hemizygotes carrying one insertion of the transgene, as described mostly in this study. The rationale is that these animals carry two copies of the WT rhodopsin gene as well as one dose of the mutated rhodopsin gene. Having double the amount of the mutated rhodopsin in the homozygotes results in a genotype even further from the human condition than with the Tg hemizygotes, and an over-expression of rhodopsin is well-known to lead to PR degeneration. As shown in Table 1 and elsewhere, the greater the expression levels of the mutant rhodopsin, the faster and earlier onset of degeneration (Chen et al., 1995; Li et al., 1996; Olsson et al., 1992) , and even overexpression to WT rhodopsin is toxic to PRs (Tan et al., 2001) . Likewise, double the dose of mutant rhodopsin in homozygous Tg rats results in more severe degeneration than in hemizygotes to a greater or lesser degree among the different lines (Fig. 2) . In some cases, the use of homozygous animals may be particularly useful, such as in the case of P23H-2 rats, where the hemizygous line is so slow that PR rescue may be difficult to detect in therapeutic studies, but would be much easier in the somewhat faster homozygous P23H-2 rats (Fig. 2) (Ozaki et al., 2013) . In addition, the maintenance of homozygote lines requires less oversight than maintaining the homozygous lines and crossing them by WT rats to produce hemizygous animals. It should be noted that the recently produced P23H rhodopsin knock-in mouse represents the model that most closely matches the human condition (Sakami et al., 2011) and will be extremely useful, but it is still limited for some studies because of its small eye size (see Introduction).
Experimental uses of the Tg rats
In previous sections of the Discussion, we have considered in-depth the issues of PR cell death; cone cell death, specifically; the role of microglia in the Tg rhodopsin and other RDs; and phenotypic features (extracellular vesicles) that distinguish the S334ter from the P23H models. However, the rhodopsin Tg rats have been the subjects or experimental tools for the analysis of many more RD topics. These are listed in Table 5 , which includes reference to all known experimental studies using the Tg rats, as far as we are aware. It should be noted that the assignment of a given study to a particular topic is somewhat artificial, as many or most studies consider multiple topics and use multiple approaches. Indeed, the rationale to test specific therapeutic approaches most often derives from cell death mechanisms. Clearly, the
